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As an activated form of acetate, acetyl-CoA is a key metabolic intermediate that links many 
metabolic processes, including the TCA cycle, amino acid metabolism, fatty acid metabolism 
and biosynthetic processes that generate many polyketides and some terpenes. This molecule 
is also involved in regulation of proteins, through the post translational modification of 
reversible acetylation. It is the most prevalent thioester-containing intermediate of metabolism, 
and biological systems utilize multiple enzymatic mechanisms to generate this central 
metabolite. Acetyl-CoA synthetase (ACS) is a member of a large super-family of enzymes that 
display diverse substrate specificities, with a common mechanism of catalyzing the formation 
of a thioester bond between Coenzyme A and a carboxylic acid, while hydrolyzing ATP to 
AMP and pyrophosphate. We explored the structural basis of the substrate specificity of ACS 
which specifically makes acetyl-CoA. This enzyme was redesigned successfully, which 
switched a highly specific enzyme from using only acetate, to be equally specific for using 
longer linear (up to hexanoate) or branched chain (methylvalerate) carboxylate substrates.  
ACS is known to be regulated through the post translational modification of reversible 
acetylation. In organisms like bacteria and humans, it has been shown that this modification 
leads to reduction of activity of the enzyme. In this study we have analyzed the effect of 
acetylation on Arabidopsis ACS activity and the conserved lysine involved in this 
modification. This study shows that effect of acetylation on this plant enzyme is very different 
from what is observed in homologous ACS. According to our knowledge, this is the first report 
of how acetylation affects a plant ACS, using in vitro studies.  
Sirtuins are histone deacetylases involved in deacetylating other proteins and thus involved in 
epigenetic and metabolic regulation. We characterized and compared Arabidopsis sirtuins, 
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SRT1 and SRT2 both in vitro and in vivo, through total untargeted metabolomics, acetylome 
analysis and through heterologous protein expression and characterization. A comparative 
integrated biochemical-genetic study of the acetylome and metabolome of srt1 or srt2 single 
mutants and srt1srt2 double mutant plants indicate that although there are undetectable effects 
on the growth phenotype of the plants, there are considerable changes in the molecular features 
that were assayed.  The changes induced by the double mutant indicate that these proteins 
deacetylate both histone and non-histone proteins.  In addition, the mutant-induced changes in 
the metabolome indicate that the two SRT homologs are involved in regulating different 
metabolic processes, generating distinct metabolomes. This study also explores the effect of 
these two deacetylases on Arabidopsis ACS acetylation. In summary the study of the proteins, 
acetyl-CoA synthetase and sirtuins in Arabidopsis, will help to further the understanding of 
acetyl-CoA metabolism in plants.  
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CHAPTER 1.  INTRODUCTION AND DISSERTATION ORGANIZATION 
General Introduction 
Acetyl-CoenzymeA (CoA) synthetase is a ~72 kDa protein which plays an important role in 
fatty acid biosynthesis and polyketide biosynthesis pathways. In both these pathways, the 
priming or precursor molecule is a two to four carbon short chain acyl-CoA molecule. More 
appropriately, it is an activated acyl molecule. In fatty acid biosynthesis, this activated 
molecule provides the starting carbons for the pathway in which the fatty acid molecule to be 
synthesized is elongated through reiterative addition of two carbons. The elongation precursors 
(e.g. Malonyl-CoA) for the pathway can also be made from the priming molecule by its 
carboxylation.  
Acetyl-CoA synthetase (ACS) catalyzes this activation of the acetate molecule by adding it to 
the thiol group of CoA, thus forming the priming molecule for the pathway. In this process it 
hydrolyzes ATP to AMP and pyrophosphate. This pathway generates fatty acids which are 
straight chain and have an even number of carbon atoms. ACS functions via a two-step 
reaction. The first step is the formation of an acetyl-AMP intermediate and second step is the 
formation of the thioester of acetate and CoA [1]. 
The most common substrate for acyl-CoA synthetase family is acetate, however certain 
enzymes in this family can utilize longer chain or branched chain carboxylate substrates such 
as propionate or isobutyrate [2,3]. One such example is isobutyryl-CoA synthetase from 
Pseudomonas chlororaphis [3]. 
In plant cells, acetyl-CoA cannot be transported across membranes [4], hence there are multiple 
acetyl-CoA pools [5–7]. These pools are localized in cytosol, mitochondria, plastids and 
2 
 
peroxisomes. The de-novo fatty acid biosynthesis pathway is located in plastids and therefore 
uses the plastidic acetyl-CoA pool. 
Two separate enzymes lead to the formation of acetyl-CoA in plastids: Pyruvate 
dehydrogenase complex (PDHC) and Acetyl-CoA synthetase (ACS). Among these two 
enzymes, PDHC is the preferred enzyme in plants during normal growth [8,9]. The conditions 
under which ACS act is still unclear.   
The binding pocket chemistry that defines the substrate specificity of Arabidopsis thaliana 
ACS is not yet known, however studies on prokaryotic acyl-CoA synthetases have provided 
insight to its carboxylate binding site. It was found in Methanothermobacter 
thermoautotrophicus acetyl CoA synthetase that the hydrophobic cavity between the N and C 
terminal domains is the probable binding pocket for carboxylate and the residues in it are in 
close proximity to the substrate [10]. This study was based on the crystal structure of acetyl-
CoA synthetase from Salmonella enterica [11]. Mutations of these probable binding site 
residues affected enzyme function and also enabled the enzyme to bind not only acetate but 
also butyrate [10]. Rational mutagenesis based upon known crystal structures of homologous 
ACS from other species can be used to find the binding pocket residues of A. thaliana ACS.  
The regulation of ACS in Arabidopsis thaliana is also not completely understood. It is most 
probably modulated by the post translational modification of reversible acetylation like other 
homologous acetyl-CoA synthetases from prokaryotes. Reversible acetylation is a crucial 
process for not only transcriptional regulation but also other cellular pathways. This is an 
abundant and evolutionarily conserved post translational modification [12].  
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Structures of both acetylated and non-acetylated ACS from Salmonella enterica suggested that 
the conserved lysine play an important role in the first step of the reaction presumably by 
aligning the acetate close to the active site [11] and does not affect the second step [13]. 
Structural studies in S. enterica have been done to understand what changes occur in ACS 
when it is acetylated. A rotation of 140° of the C-terminal domain is required for the binding 
of CoA and the catalysis of the second step, which is the thioester formation step [14]. 
However, there is no evidence of any conformational changes induced specifically by the 
acetylation of the protein [11]. It has been shown that these acetylation reactions mask the 
positive charge of lysine side chains, and thus potentially affect the nature of the interactions 
within the tertiary structure of the modified protein [15,16]. 
The enzymatic mechanism of ACS regulation through lysine acetylation has been extensively 
studied in bacterial systems [17–19]. It has been shown in Salmonella enterica that acetylation 
regulates the activity of the AMP-forming family of enzymes. The non-acetylated ACS from 
S. enterica is about 480-fold more active than acetylated ACS [13]. This deacetylation is 
catalyzed by CobB enzyme which is a homolog of yeast Sir2 deacetylase [20]. The acetylation 
of ACS occurs at a conserved lysine residue in the A10 motif. This residue is conserved across 
species.  
In yeast, ACS is involved in both carbon metabolism and regulation. ACS generates acetyl-
CoA for histone acetylation in the nucleus, in global gene transcription [21,22] and in various 
pathways outside the nucleus [23].  
In plants, hundreds of Nε-amine lysine sites have been identified [24], and these post 
translational modification affects both histone and non-histone proteins; the latter are involved 
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in a variety of metabolic processes including photorespiration, redox regulation, TCA cycle, 
and amino acid and protein metabolism [25]. Two types of proteins play a role in this process, 
lysine acetyl transferases (KATs) that acetylate the protein and lysine deacetylases (KDACs) 
that remove the acetyl group. There are various classes of KATs and KDACs that have been 
extensively reviewed [12,17]. There are 14 KDACs identified in Arabidopsis that deacetylate 
other proteins [26]. Among these, there are two sirtuin family (NAD+ dependent deacetylases) 
proteins, SRT1 and SRT2 [27–29].  
Activity of sirtuins is shown to be inhibited by nicotinamide [30]. Both primary sequence and 
protein structure determines the substrate specificity of sirtuins [31]. In Arabidopsis, sirtuin 
SRT2 has been shown to be localized in the nucleus and mitochondria and interact with 
proteins involved in energy metabolism and transport of metabolites [28]. SRT2 knockout 
leads to higher resistance against pathogens possibly due to its effect on salicylic acid 
biosynthesis [32]. SRT1 has been shown to be upregulated during leaf to callus transition in 
Arabidopsis [33] and is involved in stress response [27,29]. Most studies focus on effect of 
these sirtuins on regulation of one specific pathway and a more integrated analysis of 
acetylation would aid in understanding how it affects different proteins in a pathway [15]. 
Hence, this study also aims to analyze and understand the broader picture of how sirtuins affect 
various cellular pathways in Arabidopsis. 
Significance 
Manipulation or bioengineering of enzymes using rational biochemical or genetic approaches 
is done to produce novel altered end product or alter activity to increase enzymatic yields. The 
National Science Foundation Engineering Research Center, Center of Biorenewable 
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Chemicals (CBiRC) aims to shift the basis of production of industrially useful chemical from 
a petroleum- to a renewable resource (http://www.cbirc.iastate.edu/overview/mission/).  
This goal can be made possible by engineering two common pathways in organisms, the fatty 
acid synthesis and the polyketide synthesis pathways. Modified end product molecules that can 
be formed from these pathways can be used to generate economically useful chemicals which 
have similar chemistries when compared to petrochemicals [34]. The modified end products 
from these pathways may contain ω-end chemical functionality (such as hydroxy or amine 
group) that can be used as precursors to generate industrially significant products like 
lubricants or cosmetics.  
Bioengineered acetyl-CoA synthetase can produce acyl-CoA primers that are odd numbered 
(i.e., propionyl-CoA) or branched chain (i.e., isobutyryl-CoA, isovaleryl-CoA, 2-
methylvaleryl-CoA or 2-methylbutyryl-CoA) or are chemically functionalized at the omega-
end of the acyl-CoA (i.e., hydroxypropionyl-CoA, hydroxybutyryl-CoA or 4-aminobutyryl-
CoA).  The incorporation of such alternative primers into the Fatty Acid Synthesis/PolyKetide 
Synthesis biosynthetic machinery would diversify the products and create renewable chemical 
products with various industrial applications. 
The majority of acyl-CoA synthetases that are biochemically characterized are from 
prokaryotic sources with only a few from mammalian sources[10,35,36]. Acetyl-CoA 
synthetases from plants have not been studied extensively except the enzyme from Pisum 
sativa (pea) [37]. In plant systems, such as Arabidopsis, the metabolic function of ACS is not 
completely clear.  Unlike other biological systems, ACS is not the physiological source of 
acetyl-CoA that is the precursor of de novo fatty acid biosynthesis in plastids [8]; this is in 
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spite of the fact that ACS is plastid localized [9].  In this study, we explored if the acetylation-
based regulation of ACS is extrapolatable from bacteria, yeast and algae to affect activity of 
this enzyme in plant systems.  
The discovery and characterization of the acetylases and/or deacetylases that act on ACS will 
prove vital to understanding ACS regulation and function in A. thaliana. The study of the 
regulation of ACS in Arabidopsis thaliana might provide insights into the conditions in which 
the enzyme is active. Understanding the regulation of ACS would also help in understanding 
its function in A. thaliana, a fact which still remains unclear. Understanding how sirtuins affect 
metabolism and regulation in a plant cell would shed light on the regulatory aspect of acetyl-
CoA. It will help to understand targets of sirtuins, and also demonstrate how the post 
translational modification of reversible acetylation controls and regulates various pathways in 
a plant cell. Hence this study helps unravel understanding of both acetyl-CoA metabolism and 
regulation in plants, using various biochemical, metabolomic, proteomic and synthetic biology 
approaches. 
Dissertation Organization 
This dissertation was under the guidance, support and supervision of my major professor Dr. 
Basil J. Nikolau. This dissertation is organized into five chapters and two appendices. 
Chapter 1 describes general introduction and significance of the work in this dissertation. It 
contains general background on the Arabidopsis protein Acetyl-CoA Synthetase, its enzymatic 
role in the fatty acid biosynthesis pathway and the regulation of its homologous proteins. This 
chapter also describes the various deacetylases involved in the post translational modification 
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of proteins, especially sirtuins, and a general introduction to it. This chapter sets the context 
and significance for the research described in Chapter 2, 3 and 4. 
Chapter 2 has been modified from an already submitted manuscript to the journal ACS 
Synthetic Biology. This manuscript is currently under the review process. This chapter 
describes the enzymatic characterization of the Arabidopsis acetyl-CoA synthetase protein and 
how the substrate specificity of this protein was successfully modulated using targeted rational 
mutagenesis.  
Chapter 3 has been drafted to be submitted to the journal Archives of Biochemistry and 
Biophysics. This chapter describes studies performed to understand how the modification of 
acetylation affects the protein acetyl-CoA synthetase and its regulation. Western blot and mass 
spectrometry analysis were done to determine acetylation status. The mass spectrometry 
studies were done at the ISU Protein Facility with help and expertise of Joel Nott. Mutational 
studies, protein characterization and enzymatic analysis were also performed for the protein. 
Chapter 4 describes a collaborative project with Dr. Justin W. Walley’s lab at Iowa State 
University. This chapter describes the study to understand how sirtuins affect the total 
metabolome and total acetylome of Arabidopsis. The homozygous single and double knockout 
sirtuin lines were generated for this study. This chapter conatins total metabolite analysis of 
different sirtuin knockout mutants and wild-type Arabidopsis lines. The tissue growth and 
collection, total metabolite extraction, and metabolomics mass spectrometry analysis was done 
by Naazneen Sofeo. GC-MS/MS experiment was performed at ISU WM Keck Metabolomics 
Research Laboratory with the help and guidance of Dr. Lucas Showman and Dr. Kirthi 
Narayanaswamy. The chapter also contains total acetylome analysis of wild-type and sirtuin 
double knockout Arabidopsis lines. The protein extraction, trypsin digestion, di-methyl 
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labelling, acetyl enrichment and mass spectrometry analysis was done by graduate student 
Maxwell R. McReynolds, of Dr. Justin W. Walley’s lab.  
Chapter 5 describes general conclusions from the work described in Chapter 2, 3 and 4. 
Appendix A describes the generation and characterization of an acetyl-CoA synthetase with 
an incorporated non-canonical amino acid (acetylated lysine) using genetic code expansion 
strategy. This was done as part of the study to understand regulation of acetyl-CoA synthetase 
but was not included in Chapter 3. The clone to express the orthogonal tRNA synthetase 
machinery was generously provided by Dr. Chenguang Fan (Department of Chemistry & 
Biochemistry, University of Arkansas). 
Appendix B describes the study to determine the sub-cellular location of the Arabidopsis 
sirtuin SRT1. This was part of the study to characterize Arabidopsis sirtuins as described in 
Chapter 4. This appendix describes the confocal microscopy studies done on GFP-tagged 
SRT1 proteins. The microscopy studies were done under the guidance of Margie Carter at ISU 
Roy J. Carver High Resolution Microscopy Facility.  
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Acetyl-CoA synthetase (ACS) is a member of a large super-family of enzymes that display 
diverse substrate specificities, with a common mechanism of catalyzing the formation of a 
thioester bond between Coenzyme A and a carboxylic acid, while hydrolyzing ATP to AMP 
and pyrophosphate. As an activated form of acetate, acetyl-CoA is a key metabolic 
intermediate that links many metabolic processes, including the TCA cycle, amino acid 
metabolism, fatty acid metabolism and biosynthetic processes that generate many polyketides 
and some terpenes. We explored the structural basis of the specificity of ACS for only 
activating acetate, whereas other members of this superfamily utilize a broad range of other 
carboxylate substrates. By computationally modeling the structure of the Arabidopsis ACS and 
the Pseudomonas chlororaphis isobutyryl-CoA synthetase using the experimentally 
determined tertiary structures of homologous ACS enzymes as templates, we identified 
residues that potentially comprise the carboxylate binding pocket. These predictions were 
systematically tested by mutagenesis of four specific residues. The resulting rationally 
redesigned carboxylate binding pocket modified the size and chemo-physical properties of the 
carboxylate binding pocket. This redesign successfully switched a highly specific enzyme from 
using only acetate, to be equally specific for using longer linear (up to hexanoate) or branched 
chain (methylvalerate) carboxylate substrates. The significance of this achievement is that it 
sets a precedent for understanding the structure-function relationship of an enzyme without the 
need for an experimentally determined tertiary structure of that target enzyme, and rationally 
generates new biocatalysts for metabolic engineering of a broad range of metabolic processes. 
Keywords: Acetyl CoA synthetase, Targeted mutagenesis, Enzyme engineering, Substrate 
specificity, Homologous enzymes, Arabidopsis 
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Introduction 
The promise of synthetic biology is based on the premise that the systematic application of 
engineering principles to redesign individual molecular entities can outcompete natural 
evolutionary-based optimized design of complex biological processes. Furthermore, these 
individual genetically encoded redesigned entities can be fabricated into assemblages of novel 
systems (chassis), which do not already exist in the natural world 1, 2. Enzyme catalysts that 
provide specificity and enhanced rates of chemical conversions are key biological entities that 
are targets of such human-driven optimization. A limiting factor in such optimization redesigns 
is the fact that enzymatic functionality is based on tertiary structural design principles that 
cannot a priori be deduced from primary structural data, which are the most readily available 
datasets concerning structures of enzymes. This study illustrates a research path for redesigning 
a specific enzyme whose tertiary structure is unknown, but could be computationally modelled 
based on tertiary structures of functionally related enzymes 3, 4. The systematic targeted 
engineering of an AMP-generating acetyl-CoA synthetase from Arabidopsis thaliana (atACS) 
led to the redesign of this enzyme to generate new synthetic enzymes that display distinct 
catalytic capabilities not present in any of the enzymes that served as templates for the redesign.  
The atACS enzyme is a member of the AMP-forming acyl-CoA synthetase family, which 
is part of the adenylate forming superfamily of enzymes 5-7. The initial half reaction catalyzed by 
this superfamily of enzymes activates a carboxylate substrate by converting the hydroxyl leaving 
group of the substrate to an adenosine monophosphate (adenylate intermediate) using the 
hydrolysis of PPi to drive the reaction in the forward direction 7-9 (Figure 1). In the second half 
reaction, the adenylate intermediate reacts with the thiol group of the phosphopantothenate group 
of Coenzyme A, generating an acyl-CoA product, which can be considered as the “activated” form 
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of the carboxylate substrate 7, 10. Different acyl-CoA synthetases in this family act upon different 
carboxylate substrates, and these include for example, acetate, propionate, malonate, chloro-
benzoate 4, 11-15, which vary in the nature of the alkyl group of the carboxylate substrate. 
Thioester bonds, as occurs in acyl-CoA, are crucial to a large number of anabolic and 
catabolic processes. These include fatty acid and polyketide metabolism, assembly of complex 
lipids, amino acid metabolism, assembly of mevalonate for the biosynthesis of isoprenoids, 
and porphyrin biosynthesis 10, 16. Chemically the formation of the thioester bond facilitates the 
subsequent reactions of the acyl moiety because of the high energy content of the bond, and 
because the thiol group is a better leaving group than the hydroxyl group of the initial 
carboxylate substrate for the nucleophilic reactions, that lead to the formation of different 
carbonyl-containing products (e.g., esters, amides and ketones). Indeed, because of the high 
energy content of the thioester bond, and its chemical flexibility, it has been theorized that it 
could have been a precursor to life, preceding the role of ATP as the common energy carrier 
in a so called "thioester world" 17. 
The most prevalent thioester-containing intermediate of metabolism is acetyl-CoA, and 
biological systems utilize multiple enzymatic mechanisms to generate this central metabolite. 
Most prevalent of these reactions is likely the oxidative decarboxylation of pyruvate, catalyzed 
by the pyruvate dehydrogenase complex 18, and the retro-Claisen cleavage of citrate, catalyzed 
by ATP-citrate lyase 19. However, ACS is part of a large family of enzymes that is widely 
prevalent in biological systems, and in some cases, such as in plants, the physiological 
relevance of this enzyme to metabolism is not clear 18, 20-23. Due to this potential metabolic 
redundancy, engineering ACS to utilize different carboxylate substrates has considerable 
potential in impacting the end-products of metabolism, particularly in plant systems. Acetyl-
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CoA is a key precursor of fatty acid biosynthesis and many polyketide biosynthetic processes, 
and it both primes these complex processes, and is the precursor of the malonyl-CoA substrate 
that is used to elongate the fatty acids or polyketides (e.g., chalcone synthase)24-26. Hence, 
engineering ACS to utilize novel carboxylate substrates and hence generate alternative acyl-
CoA substrates for fatty acid or polyketide biosynthesis would provide the means to explore 
the enzymological flexibilities of these biosynthetic machineries and build a technology 
platform to produce a diversity of chemical products with wide ranging applications 27. As a 
prerequisite to such redesign of biological chasses, in this study we have been successful in 
not only broadening the substrate specificity of a eukaryotic ACS, but shifting its substrate 
specificity, using a systematic targeted mutagenesis strategy.  
Results & Discussion 
Identification of the Residues Forming the Putative Carboxylate Binding Pocket of atACS 
Alignment of sequences of multiple acyl-CoA synthetases, which utilize different 
carboxylate substrates, reveal that atACS shares higher sequence identity (> 40%) with other 
acyl-CoA synthetases that utilize acetate as the preferred substrate, rather than those that 
utilize propionate, isobutyrate or malonate (Table 1). This conservation in sequence is 
focused in ten motifs (A1 to A10) (Figure 2), three of which (motifs A3, A4 and A5) have 
been associated with: a) the carboxylate substrate binding pocket of acyl-CoA synthetases; 
b) the amino acid binding pocket of non-ribosomal peptide synthases, and c) in interacting 
with the pyrophosphate product of these enzymes 7, 10, 28. We explored the basis for the high 
substrate specificity of atACS for acetate, by comparing and contrasting the structure of this 
enzyme with that of the Pseudomonas chlororaphis isobutyryl-CoA synthetase (pcICS), 
which is equally specific, but for isobutyrate. Higher order structural insights of atACS and 
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pcICS were obtained by using 3D structural models generated with I-TASSER 29-31, using as 
a guide the experimentally determined structures of the acetate-utilizing homologous ACS 
from Salmonella enterica (PDB: 1PG4) 32 and Saccharomyces cerevisiae (PDB: 1RY2) 33.  
Despite the fact that atACS and pcICS differ in primary structure (sharing only 30% 
sequence identity), both computationally generated 3D models of atACS and pcICS share a 
high degree of tertiary structural alignment with each other and with both S. enterica ACS 
and S. cerevisiae ACS. The 3D structural alignment of atACS and pcICS structures has an 
all-atom Root Mean Square Deviation (RMSD) of 14 Å for 3159 atoms. The RMSD provides 
a numerical insight on the structural alignment between two tertiary structures; a smaller 
RMSD value indicates a higher degree of structural alignment. Comparison of the 
computationally generated structures of atACS and pcICS with the experimentally 
determined structures of S. enterica ACS (1PG4) and S. cerevisiae ACS (1RY2) indicates a 
higher degree of 3D structural alignment among the enzymes that share the common 
substrate, acetate. Specifically, the all-atom RMSD comparison between atACS and S. 
enterica ACS or S. cerevisiae ACS is 1.8 Å and 10.5 Å, respectively, whereas the 
homologous comparisons between pcICS and S. enterica ACS or S. cerevisiae ACS is 13.7 
Å and 8.8 Å, respectively (Table 1 & Figure 3A & 3B). Therefore, the atACS model has 
smaller RMSD values when compared to enzymes that act on smaller carboxylate substrates 
(e.g., acetate, malonate and propionate) as compared to enzymes that act on larger carboxylate 
substrates (e.g., isobutyrate or benzoate) (Table 1). These insights provide confidence that the 
3D structural comparisons provide valuable and accurate insights into design principles for 
the substrate binding pocket that can be experimentally validated by directed mutagenesis. 
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These computational comparisons identified four residues that may comprise the 
carboxylate binding pocket of atACS (i.e., residues Ile323, Thr324, Val399 and Trp427), and of 
pcICS (i.e., residues Ala278, Tyr279, Ala313 and Gly338) (Figure 3C & 3D). Confidence that these 
identified residues are important for enzymatic function is further enhanced by the fact that the 
former set are conserved in all acyl-CoA synthetases that utilize acetate as the preferred 
carboxylate substrate (Figure 2). The accuracy of these predictions was evaluated by singularly 
and in combination mutating the atACS residues (i.e., Ile323, Thr324, Val399 and Trp427) to the 
corresponding residues that comprise the binding pocket of pcICS (Figure 2). The expectation 
is that these mutations would affect catalysis and/or alter the carboxylate substrate specificity 
of the atACS enzyme. The kinetic parameters (Vmax, Km and kcat) of the resulting mutant 
proteins were determined with a range of different carboxylate substrates, including a series of 
straight chain carboxylates (acetate to octanoate) and branched chain carboxylates (isobutyrate, 
3-methylvalerate, 4-methylvalerate and 4-methylhexanoate), and these data were compared to 
the parallel data generated with the wild-type atACS. 
Mutations that identify an important residue for catalysis 
The wild-type atACS follows traditional Michaelis-Menten kinetics, with a strong 
preference for acetate as the carboxylate substrate. Specifically, the catalytic efficiency 
(kcat/Km) is approximately 55-fold higher with acetate than propionate, and there is no 
detectable activity with longer chain carboxylates (Supporting information, Table S1). The 
singular replacement of the Thr324 residue with the Tyr residue that occurs at this position in the 
pcICS structure inactivates atACS with all tested substrates. Furthermore, each multi-site 
mutant that contained this Thr324Tyr mutation (i.e., the double mutant Ile323Ala, Thr324Tyr and 
the quadruple mutant Ile323Ala, Thr324Tyr, Val399Ala, Trp427Gly) also fails to exhibit enzymatic 
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activity with any of the tested carboxylate substrates (Supporting information, Table S1). The 
CD spectra of these mutants indicate near normal folding of the mutant proteins (Figure 4). 
However, homology modelling of the Thr324Tyr mutant protein revealed a change in the 
surface topology of the predicted substrate binding pocket resulting in a decreased volume for 
binding of the carboxylate substrate (Figure 5). This is consistent therefore with steric 
hindrance hampering the ability of the carboxylate substrates to access the catalytic site and 
thereby inactivating the enzyme.  
Mutations that switch substrate specificity to longer, linear chain carboxylate substrates 
Two single site mutants, Trp427Gly and Val399Ala, resulted in altered substrate 
specificity of atACS. The former mutation causes the most dramatic alteration, switching the 
substrate preference from acetate to longer, straight-chain carboxylate substrates. Namely, this 
mutant enzyme is able to utilize “new” carboxylate substrates that range between 3- to 8-
carbons in length (Supporting information, Table S1). Furthermore, this switch is accompanied 
by a 6.5-fold decrease in catalytic efficiency (kcat/Km) with acetate, the native substrate of the 
wild-type enzyme (Figure 6A).  
The other single-site mutant that affected catalytic capabilities of atACS is the 
Val399Ala switch, which broadened the substrate specificity of the enzyme so that it could 
equally utilize both acetate and propionate. Thus, the catalytic efficiency (kcat/Km) with either 
of these carboxylates is similar to the catalytic efficiency of the wild-type enzyme with its 
native acetate-substrate. However, unlike the Trp427Gly mutant, the Val399Ala mutant enzyme 
could not utilize longer chain carboxylate substrates of 4-8 carbon atoms (Supporting 
information, Table S1).  
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Based on the fact that these two single site mutations at Val399 and Trp427 
individually generate somewhat distinct changes in catalytic activity of atACS, we 
evaluated the effect of combining the two mutations in the double mutant, Val399Ala, 
Trp427Gly. This double mutant further enhanced the switch in substrate specificity that was 
observed with the Trp427Gly single mutant (Figure 6A). Specifically, as compared to the 
wild-type enzyme, the Val399Ala, Trp427Gly double mutant shows an 80-fold decrease in 
catalytic efficiency with the acetate-substrate, and a concomitant increase in catalytic 
efficiency with the longer, straight chain carboxylate substrates (i.e., propionate to 
octanoate). With propionate as the substrate, this double mutant enzyme shows a 2.5-fold 
increase in catalytic efficiency as compared to either the wild-type enzyme or the Trp427Gly 
single mutant (Figure 6A). The catalytic efficiency with butyrate, the best substrate for this 
mutant enzyme, matched the catalytic efficiency expressed by the wild-type enzyme with 
acetate. With these “new” longer chain-length substrates, the double mutant enzyme 
displayed a lower Km value (ranging from 1.5 to 7.5-fold lower values) than the Trp427Gly 
single mutant (Supporting information, Table S1). Analysis of the structural homology 
models indicate that both the Trp427Gly and Val399Ala single mutations enlarge the 
carboxylate binding pocket significantly, and further enlargement is apparent in the 
Val399Ala, Trp427Gly double mutant. Thus, these models are consistent with the ability of 
these variant enzymes to use the larger substrates, and in general it is likely that steric 




Mutations that switch substrate specificity to branched chain carboxylate substrates 
The Thr324 residue of atACS, which we showed to be critical for catalytic 
competence because its replacement with the equivalent residue that occurs in pcICS (i.e., 
Tyr) resulted in an inactive enzyme, was subsequently replaced with residues that have 
smaller side chains. These mutations were systematically implemented to explore whether 
maintaining either the hydroxyl-group functionality (i.e., a serine switch) or the branched 
alkyl chain functionality (i.e., a valine switch) or completely eliminating the side chain (i.e., 
a glycine switch) of the existing Thr residue is important for catalysis.  
The Thr324Ser variant did not show any activity with acetate or longer straight chain 
substrates (Supporting information, Table S1), however the Thr324Val and Thr324Gly 
variants maintain the ability to utilize acetate as a substrate, but with quantitative differences 
between them (Figure 6B; Supporting information, Table S1). Namely, the catalytic 
efficiency of the Thr324Val mutant is about 2-fold higher than either the wild-type or 
Thr324Gly variant with acetate, and this was primarily due to a lower Km value for this 
substrate. Moreover, the Thr324Val and Thr324Gly single mutants also showed qualitative 
differences in substrate specificity, gaining the ability to utilize branched chain carboxylate 
substrates, such as isobutyrate and 4-methylvalerate, a capability that is undetectable with 
the wild-type atACS (Figure 6B; Supporting information, Table S1).  
The 3D homology models of these Thr324 single mutants reveal the potential 
explanations of these effects on catalytic ability of the variant enzymes. In contrast to the 
Thr324Tyr single mutant, which inactivates the enzyme due to an apparent reduction in the 
size of the carboxylate binding pocket (Figure 5), the Thr324Gly single mutant is predicted 
to have a larger carboxylate binding pocket as compared to the wild-type enzyme, thus 
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explaining the ability of this mutant to utilize the larger, branched chain carboxylate 
substrates (Figure 5). Similarly, the Thr324Val single mutant is also predicted to have a larger 
carboxylate binding pocket, although smaller than the Thr324Gly single mutant, which 
explains the ability of this single mutant to utilize straight-chain substrates, up to three 
carbon atoms in length (i.e. propionate) and also branched chain substrates, albeit with lower 
efficiency as compared to the Thr324Gly single mutant. The size of the binding pocket of the 
Thr324Ser mutant is similar to the wild-type enzyme (Figure 5), thus the inactivity of this 
single site mutant cannot be explained solely based on steric interference between the 
substrate and pocket-size, but instead may be attributable to the difference in the polarity of 
the pocket affected by the orientation of the hydroxyl group of the Ser side chain as 
compared to Thr in wild-type (Figure 5). These findings therefore indicate that both steric 
effects and the chemo-physical properties (polarity versus hydrophobicity) of the binding 
pocket affect the carboxylate specificity of the enzyme.  
Based on these observations, we systematically combined the singular Thr324Gly or 
Thr324Ser mutations with the double mutant, Val399Ala, Trp427Gly, to evaluate the 
interrelationships among these residues to affect catalytic capabilities of atACS. The enzymatic 
capabilities of the resulting Thr324Gly, Val399Ala, Trp427Gly and Thr324Ser, Val399Ala, 
Trp427Gly triple mutants were compared to the wild-type and the parental double mutant 
enzymes.  
These triple mutants express enhanced catalytic capabilities in utilizing longer chain 
linear carboxylate substrates than the Val399Ala, Trp427Gly double mutant enzyme (Figure 6C). 
Thus, whereas the double mutant can utilize butyrate with the highest efficiency (Figure 6A), 
the Thr324Gly, Val399Ala, Trp427Gly triple mutant can utilize hexanoate with a catalytic 
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efficiency that is comparable to that of the wild-type enzyme with its native acetate substrate 
(Figure 6C). Moreover, these triple mutants also utilize branched chain substrates, such as 3-
methylvalerate, 4-methylvalerate and 4-methylhexanoate. Compared to the Val399Ala, 
Trp427Gly double mutant, this additional switch in the preferred carboxylate substrate by the 
triple mutants is associated with decreased Km values for the longer chain length carboxylate 
substrates of more than 5-carbon atoms, and increased Km values for the shorter chain 
substrates, such as propionate, butyrate and isobutyrate (Supporting information, Table S1).  
Thus, comparing the modeled structure of the carboxylate binding pockets of the 
Val399Ala, Trp427Gly double mutant, with the Thr324Gly, Val399Ala, Trp427Gly triple mutant 
indicates that the replacement of Thr324 with a smaller side chain residue, i.e., glycine, affects 
both the shape and size of the binding pocket, and its polarity (Figure 5), resulting in a shift in 
substrate specificity from a 2-carbon substrate, to more than 4-carbon long, straight chain and 
branched substrates, which are also less polar. These findings further strengthen the conclusion 
that both steric interference and chemo-physical properties of the binding pocket plays in 
determining the carboxylate substrate specificity of atACS.  
Even more dramatic changes in substrate specificity were generated when the 
Ile323Ala mutation was combined with the Val399Ala, Trp427Gly or Val399Gly, Trp427Gly 
double mutations. Thus, Figure 6C shows that both the Ile323Ala, Val399Gly, Trp427Gly and 
Ile323Ala, Val399Ala, Trp427Gly triple mutants are inactive with acetate and only shows 
barely detectable activity with propionate, both of these triple mutants can utilize 4- to 8-
carbon straight chain carboxylates as substrates, as well as the branched chain carboxylates, 
3-methylvalerate and 4-methylvalerate. The catalytic efficiency of these triple mutant 
enzymes with branched chain substrates is comparable to the activity expressed by the wild-
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type enzyme with acetate as the substrate. Detailed examination of the kinetic properties of 
all the triple mutants indicate that they prefer 4-methyl branched chain carboxylates (i.e., 4-
methylvalerate and 4-methylhexanoate) over the 3-methyl branched carboxylate (i.e., 3-
methylvalerate), manifested by lower Km values and higher catalytic efficiencies. 
The structural homology models of the triple mutants indicate that these mutations 
enlarge the carboxylate binding pocket, thus explaining the capability of these mutants to 
utilize longer chain substrates (Figure 5). The triple mutant Thr324Gly, Val399Ala, Trp427Gly 
which shows the largest shift in substrate specificity (Figure 6C), shows the most non-polar 
binding pocket cavity (Figure 5), which provides the explanation of why this variant is more 
active with the most hydrophobic carboxylate substrates.  
Because the Trp427Gly mutation has a large effect on substrate specificity and 
promiscuity (Supporting information, Table S1), we explored the consequence of changing 
the Trp427 residue to all other possible amino acids (the consequence of changing Trp427 to 
Gly had already been evaluated; Fig. 6). These variants thereby evaluated how the change 
in the chemo-physical property of this amino acid side chain affects substrate specificity 
(Supporting information, Table S1). Only five of the 18 additional variants were 
catalytically active (Val, Ala, Phe, Ser or His), and the other 13 were inactive with all tested 
carboxylates. These five single site mutants utilize acetate as a substrate, though with lower 
catalytic efficiency (Supporting information, Table S1). The mutations that incorporate 
small hydrophobic side chain residues (i.e., Trp427Val or Trp427Ala) enable the enzyme to 
better utilize straight chain carboxylate substrates, of 3- and 4-carbon atoms. In addition, 
the mutations that conserve the ring structure of the native Trp427 (i.e. Trp427Phe or 
Trp427His) maintain enzymatic activity with acetate. These findings indicate that Trp427 is 
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an important residue in the carboxylate binding pocket, and in addition to its aromaticity 
and/or polarity associated with the indole ring, the size of the side chain has an effect on 
restricting the specificity of the wild-type enzyme to acetate.  
Kinetics of ATP and CoA dependence 
The wild-type atACS and selected mutants showing altered preference for the 
carboxylate substrate were also characterized to evaluate the effects of these mutations on the 
kinetic parameters associated with the other two substrates of the reaction, ATP and CoA 
(Table 2). The assays used to determine the Km and Vmax values for these substrates were 
conducted with saturating concentrations of the most preferred carboxylate substrate for the 
individual variant enzymes. These characterizations demonstrate that the mutations that were 
designed to affect the specificity of the carboxylate substrate also affected the enzyme’s 
dependence on these two additional substrates, although the magnitude of these changes are 
considerably smaller than the changes in the kinetic parameters for the carboxylate substrates.  
The most dramatic of these changes is associated with the kinetic parameters for ATP, 
with up to 10-fold decrease in Km in mutants that enable the enzyme to better utilize longer 
chain linear carboxylate substrates (e.g., Trp427Gly), and similar 10-fold decrease in Vmax in the 
triple-site mutant (i.e., Ile323Ala Val399Ala Trp427Gly) that switches the carboxylate substrate 
preference from acetate to the branched chain substrates. In contrast, there are relatively minor 
effects on the kinetic parameters associated with CoA. The alterations in these kinetic 
parameters are consistent with the mechanism of the ACS-catalyzed reaction; namely ATP and 
the carboxylate substrates first react to form the adenylate-intermediate, which subsequently  
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reacts with CoA. Thus, changing the carboxylate binding-site would be expected to have greater 
effects on ATP kinetics as these two substrates have to come together at an active site that is 
juxtaposed next to each substrate binding pocket.  
Conclusion 
Despite the conservation of ACS enzymes among a wide range of evolutionary phyla, 
this enzyme has maintained a restricted substrate specificity 32. For example, the plant ACS 
that was the focus of this study only utilizes acetate efficiently as a substrate, and propionate 
to a much lesser extent. In this study we extrapolated from experimentally determined 3-D 
structural data of two phylogenetically distantly related ACS enzymes, and modelled the 
potential carboxylate substrate binding pockets of two enzymes that also assemble thioester 
bonds but display different specificities toward the carboxylate substrate (acetate or 
isobutyrate). Rational mutagenesis experiments guided by this modeling were successful in 
initially introducing substrate promiscuity to the enzyme, and ultimately altering its substrate 
specificity. We have been particularly successful in shifting the substrate specificity of this 
eukaryotic ACS away from its native substrate (acetate), to be equally efficient in utilizing 
novel branched chain carboxylates that are not substrates of any of the guiding model enzymes. 
Similar studies have targeted microbial ACS enzymes34-36, which expanded the carboxylate 
substrates that these enzymes can utilize, thus converting a very specific enzyme to a 
promiscuous enzyme. The variant enzymes that we have generated are distinct in that they are 
not promiscuous, but they show shifted substrate specificities, being equally efficient with the 
new substrates, as the wild-type enzyme is with its native substrate. 
Hence, this is an exemplary study of a research path to generate novel enzymes. 
Moreover, the novel acyl-CoA synthetase enzymes that were generated herein can serve as 
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genetically encoded catalytic elements for bioengineering multiple metabolic pathways and 
potentially producing useful novel chemicals 27, 37-38. Specifically, the integration of these new 
enzymes into fatty acid or polyketide biosynthetic processes can lead to the generation of 
bioproducts with distinct chemo-physical properties. 
Methods 
Generation of atACS variants 
The atACS ORF was cloned into the pET24b vector (Merck KGaA, Darmstadt, 
Germany) between the HindIII and XhoI sites. atACS was also subcloned into the pET30f vector 
at the BamHI restriction site. pET30f vector is a modified pET30 vector (Takara, Clontech, 
Mountain View, CA) encoding an N-terminal poly-histidine coding sequence, followed by a 
TEV cleavage site. Mutagenesis of specific residues was performed either using the 
QuikChange Lightning site-directed mutagenesis kit (Agilent Technologies, Santa Clara, CA) 
via manufacturer instructions or by recombination PCR in a two-step fashion 13. The atACS 
ORF cloned into the plasmid pET24b, was used as template for QuikChange or recombination 
PCR. The full-length atACS ORF PCR product containing the mutation was purified and 
cloned into a pGEM T-Easy vector, and then transformed into Top-10 competent E. coli cells. 
Sequence-confirmed atACS variants in pGEM T-Easy were digested with HindIII and XhoI to 
release the atACS ORF and were subcloned into the corresponding restriction sites in the 
pET24b vector. Sequence confirmed pET30f and pET24b constructs were subsequently 
transformed into E. coli ArcticExpress (DE3) cells (Agilent Technologies, Santa Clara, CA) 
for protein expression. 
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Overexpression and purification of wild-type and variant atACS proteins 
Arctic Express strains harboring atACS variants were grown overnight at 37 °C with 
shaking at 250 rpm, in 5-10 ml LB medium containing the antibiotics kanamycin (50 μg/ml) 
and gentamycin (20 μg/ml). The overnight culture was used to inoculate 0.5-1.0 L LB media 
containing no antibiotics, and these cultures were grown at 30 °C with shaking at 250 rpm, 
until an OD600 of ~0.6. Expression was then induced by the addition of IPTG to a final 
concentration of 0.1 mM, and the culture was grown at 13 °C with shaking at 250 rpm for 24-
48 hours. 
Cells were harvested by centrifugation at 10,000g for 10 minutes and resuspended in 
a buffer containing 0.5 M NaCl, 5 mM imidazole, 0.1% (v/v) Triton X-100, 0.1 mg/ml phenyl 
methyl sulfonyl fluoride (PMSF), and 10 μl/ml Protease Inhibitor Cocktail (Sigma-Aldrich 
Co., St. Louis, MO) and disrupted by sonication on ice. Two different buffer systems were 
used in this cell disruption step, either 10 mM HEPES-KOH, pH 7.5, or 20 mM Tris-HCl, pH 
7.5. The resulting extract was centrifuged at 20,000xg for 30 minutes, and the supernatant 
was retained, filtered through a 0.45 μm filter disc (Corning Inc., Corning, NY) and applied 
to a column containing 2-5 ml PerfectPro Ni-NTA agarose (5 Prime, Inc., Gaithersburg, MD) 
at 4 °C. The column was washed with increasing concentrations of imidazole, and the atACS 
protein was eluted with 0.2 M imidazole. Samples were immediately dialyzed at 4 °C into 
either 10 mM HEPES-KOH, pH 7.5, 10 mM KCl or 50mM Tris-HCl pH 7.5; these two 
methods yielded enzyme preparations that expressed different specific activities, and they are  
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specifically identified in the Results. In all comparative studies of mutants, both the 
wild-type and all variant enzymes were prepared identically, so as to avoid this buffer 
variable, whose origins are as of yet unknown. 
Spectrophotometric atACS Activity Assay 
ACS activity was measured by coupling the carboxylate-dependent formation of the 
AMP product to the oxidation of NADH, using the enzymes myokinase, pyruvate kinase and 
lactate dehydrogenase 4 (Sigma-Aldrich Co., St. Louis, MO). The oxidation of NADH was 
monitored by the rate of decrease in absorbance at 340 nm. Each enzyme variant was assayed 
with 11 different carboxylate substrates that differed in the alkyl chain-length (2-8 carbons) or 
whether the alkyl chain was linear or branched, and their concentrations in assays ranged 
between 0-10 mM. The specific substrates were: acetate, propionate, butyrate, valerate, 
hexanoate, heptanoate, octanoate, isobutyrate, 3-methyl valerate, 4-methyl valerate and 4-
methyl hexanoate. Assays were performed in 96-well micro-titer dishes at 37 °C with a final 
well-volume of 100 μl, and A340 of each well was monitored with a BioTek ELx808TM 
Absorbance Microplate Reader, using Gen5TM Data Analysis software (BioTek Instruments, 
Winooski, VT). The standard reaction contained 50 mM Tris-HCl pH 7.5, and 5mM Tris(2-
carboxylethyl) phosphine hydrochloride (Thermo Fisher Scientific Inc., Waltham, MA); 5% 
(v/v) ethanol; 5 mM ATP; 6mM MgCl2; 5 mM phospho(enol)pyruvate; 0.4 mM NADH; 2-20 
U Pyruvate Kinase/Lactate Dehydrogenase mix (Sigma-Aldrich Co., St. Louis, MO); 10U 
Myokinase from rabbit muscle or 1U Myokinase from chicken muscle (Sigma-Aldrich Co., St. 




The chloroplast targeting sequence was identified in the atACS sequence using TargetP 
1.1 (http://www.cbs.dtu.dk/services/TargetP). Amino acid similarity and identity values of 
homologous proteins were obtained using BLASTp (http://blast.ncbi.nlm.nih.gov). Structural 
predictions were performed using the I-TASSER server 28, 37, 40. Predicted structures and known 
crystal structures were visualized and analyzed using PyMOL (The PyMOL Molecular 
Graphics System, Version 1.3.0 Schrödinger, LLC). Multiple sequence alignments were 
generated using Clustal Omega 39.  
Circular Dichroism  
CD spectra were obtained at the Iowa State University Protein Facility 
(http://www.protein.iastate.edu/) using a J700 spectropolarimeter (JASCO Inc., Easton, MD). 
Spectra were taken from 190-250 nm with readings every 0.2 nm. Samples were measured in 
a 1 mm dichroically neutral quartz cuvette and the average of 3-5 scans was used for analysis. 
Protein samples in 50 mM Tris-HCl were diluted into ddH2O to a final concentration of 0.15-
0.25 mg/ml for spectra acquisition. A baseline spectrum for 5 mM Tris-HCl was obtained in 
the same manner and subtracted from the experimental protein spectra. After data collection, 




were analyzed using a suite of algorithms collectively called CDPro 40, utilizing algorithms: 




atACS: Arabidopsis thaliana acetyl CoA synthetase; ACS: Acetyl CoA synthetase; pcICS: 
Pseudomonas chlororaphis isobutyryl CoA synthetase; ATP: Adenosine triphosphate; CoA: 
Coenzyme A 
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Figure 1: Enzymatic mechanism of AMP-forming acetyl CoA synthetase. The reaction occurs 
in two steps, where an acetyl-adenylate intermediate is formed in the first half-reaction. This 





Figure 2: Multiple sequence alignment of the amino acid sequences of acyl CoA synthetases 
that utilize acetate (ACS), propionate (PCS), isobutyrate (ICS), malonate (MCS or MCL) and 
2,3-dihyroxybenzoate (DHBe) as the preferred substrate. Alignment was performed using 
Clustal Omega. Asterisks indicate the residues proposed to be forming the carboxylate binding 
pocket. White letters on a black background indicate identity, white letters on a gray 
background indicate similarity, and black letters on a white background indicate no 





Figure 3: A. Comparisons of the 3-D structural homology models of atACS (cyan ribbon 
diagram) and pcICS (green ribbon diagram) predicted using I-TASSER, and the 
experimentally determined structures of scACS (1RY2) (pink ribbon diagram) and seACS 
(1PG4) (yellow ribbon diagram). These structures were aligned using PyMOL. B. 
Comparisons of the 3-D structural homology models of atACS (purple ribbon diagram) and 
pcICS (green ribbon diagram) computationally predicted using I-TASSER and aligned using 
PyMOL. C. Predicted position of the residues that constitute the putative carboxylate binding 
pocket of atACS (purple), ecACS (blue), ecPCS (pink), and pcICS (green). These alignments 
were guided with the experimentally determined tertiary structure of the seACS (beige). 
Numbers represent the position of the homologous residue in the atACS protein. D. Putative 
binding pocket residues of atACS from the homology structure predicted using I-TASSER, 
aligned with the derived structures of Coenzyme A, AMP and the acetyl group from the 
experimentally determined structure of these substrates in 1RY2 and 1PG4. 
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Figure 4: Comparison of CD spectra of wild-type atACS and the mutated variants. 




Figure 5: Comparison of the carboxylate binding pocket surface computationally generated 
from 3D structure homology models of the wild-type and mutants of atACS. The mutated 
residues are colored in tan. The change in binding pocket size and shape is highlighted with a 
red box. The nitrogen and oxygen atoms of the targeted residues are shown in blue and red, 
respectively. The orange circle indicates the cut away opening to reveal the inside of the 
carboxylate binding pocket. The chemo-physical nature of the cavity surface is color-coded as 
tan for hydrophobic, red for negatively changed polarity, and blue for positively charged 





residues in the double and triple mutant images are not in the view as they are situated behind 




Figure 6: Comparison of the catalytic efficiency (kcat/Km) of the wild-type atACS with single 
and double site mutants (A, B), and triple site mutants (C), assayed with straight- and branched-
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chain carboxylate substrates. The variant enzymes in panel A were purified using the Tris-HCl 
extraction buffer, and variants in panel C were purified using the HEPES extraction buffer (see 





Table 1: Sequence identity (%) and RMSD (Å) values of all atom structural alignment of 3D structures of atACS and several acyl-
CoA synthetases 
 1PG4# 1RY2# pcICS* atACS* 3NYR# 1MD9# mtACS* atMCS* sePCS* 
 % Å % Å % Å % Å % Å % Å % Å % Å % Å 
1PG4#   45.5 10.5 30 13.7 53.9 1.8 23.4 6.7 19.9 13.1 48 1.5 22.9 8.6 37 2.4 
1RY2#     30.5 8.8 45.9 10.5 21 16.9 18 6.6 43 10.6 21.8 11.7 37.3 10.8 
pcICS*       29.4 14 24.5 14.7 19.0 10.4 31.4 14 21.6 12.6 26.0 13.5 
atACS*         22 8.3 21 13.7 46.4 3.7 22 6.8 35.8 3.2 
3NYR#           27.6 12.5 23.3 6.5 39.8 4.6 21 9.2 
1MD9#             22 13.1 23.9 11.8 21.5 12.4 
mtACS*               22.7 11.6 37.3 2.8 
atMCS*                 18 10.2 
sePCS*                   
 
1PG4: Salmonella enterica acetyl-CoA synthetase; 1RY2: Saccharomyces cerevisiae acetyl-CoA synthetase 1; pcICS: Pseudomonas 
chlororaphis isobutyryl-CoA synthetase; atACS: Arabidopsis thaliana acetyl-CoA synthetase; 3NYR: Streptomyces coelicolor 
malonyl-CoA ligase; 1MD9: Bacillus subtilis adenylation domain of NRPS to activate 2,3-dihydroxybenzoate; mtACS: Methanobacter 
thermoautotrophicus acetyl-CoA synthetase; atMCS: Arabidopsis thaliana malonyl-CoA synthetase; sePCS: Salmonella enterica 
propionyl-CoA synthetase. *Indicates proteins whose tertiary structures were computationally generated. #Indicates proteins whose 




Table 2: Michaelis-Menten kinetic parameters of ATP and CoA for wild-type and variant 
atACS enzymes 










Wild-type Acetate 0.20 ± 0.03 1.47 ± 0.05 0.15 ± 0.02 1.44 ± 0.06 
Val399Ala Acetate 0.06 ± 0.01 0.84 ± 0.02 0.09 ± 0.02 1.18 ± 0.06 
Trp427Gly Butyrate 0.02 ± 0.003 2.2 ± 0.1 0.14 ± 0.05 3.2 ± 0.4 
Val399Ala, 
Trp427Gly 
Butyrate 0.06 ± 0.02 1.9 ± 0.2 0.09 ± 0.02 2.5 ± 0.2 





0.26 ± 0.05 3.5 ± 0.2 0.14 ± 0.03 3.5 ± 0.1 
Ile323Ala, Val399Ala, 
Trp427Gly* 
Hexanoate 0.11 ± 0.03 1.11 ± 0.06 0.04 ± 0.02 1.00 ± 0.08 
 
The variants marked with an asterisk (*) were purified using HEPES buffer, as described in 




Table S1. Kinetic parameters of atACS variants 
atACS variant Substrate Km (mM) kcat (s-1) kcat/Km (s-1 mM-1) 
Wild-type 
Acetate 0.27 ± 0.01 2.41 ± 0.03 8.9 ± 0.5 
Propionate 4.0 ± 1.2 0.66 ± 0.07 0.16 ± 0.05 
Val399Ala 
Acetate 3.1 ± 0.2 3.04 ± 0.05 0.99 ± 0.07 
Propionate 3.1 ± 0.4 2.65 ± 0.07 0.85 ± 0.10 
Trp427Gly 
Acetate 10.8 ± 1.8 14.3 ± 0.9 1.32 ± 0.24 
Propionate 37.5 ± 5.0 6.2 ± 0.5 0.16 ± 0.03 
Butyrate 2.9 ± 0.6 9.4 ± 0.5 3.3 ± 0.7 
Valerate 6.5 ± 0.7 13.8 ± 0.4 2.13 ± 0.25 
Hexanoate 12.6 ± 1.4 13.0 ± 0.5 1.03 ± 0.12 
Heptanoate 10.0 ± 1.8 11.0 ± 0.6 1.10 ± 0.20 
Octanoate 48 ± 12 5.8 ± 0.8 0.12 ± 0.03 
Val399Ala, 
Trp427Gly 
Acetate 44 ± 6 5.07 ± 0.31 0.11 ± 0.02 
Propionate 31 ± 5 12.94 ± 1.07 0.41 ± 0.07 
Butyrate 1.5 ± 0.1 14.87 ± 0.57 9.9 ± 1.0 
Valerate 4.0 ± 0.6 12.25 ± 0.47 3.1 ± 0.5 
Hexanoate 7.3 ± 0.9 9.20 ± 0.31 1.3 ± 0.2 
Heptanoate 5.8 ± 0.9 9.12 ± 0.43 1.6 ± 0.2 
Octanoate 6.3 ± 2 3.04 ± 0.30 0.48 ± 0.16 
Thr324Val 
Acetate 0.042 ± 0.008 0.99 ± 0.02 24 ± 5 
Propionate 0.62 ± 0.23 1.1 ± 0.1 1.8 ± 0.8 
Isobutyrate 2.1 ± 0.8 0.33 ± 0.05 0.15 ± 0.08 
3-Methylvalerate 125 ± 416 3.9 ± 1 0.03 ± 0.2 
Thr324Gly 
Acetate 0.18 ± 0.04 1.91 ± 0.08 10.4 ± 2.9 
Propionate 3.2 ± 1.1 1.78 ± 0.26 0.56 ± 0.28 
Butyrate 0.19 ± 0.09 0.13 ± 0.01 0.68 ± 0.34 
Isobutyrate 0.15 ± 0.30 0.23 ± 0.08 1.6 ± 2.4 
3-Methylvalerate 0.04 ± 0.06 0.077 ± 0.009 1.9 ± 2.9 
4-Methylvalerate 0.07 ± 0.05 0.17 ± 0.01 2.4 ± 2.1 




Acetate 7.8 ± 17 0.6 ± 0.7 0.07 ± 0.2 
Propionate 98 ± 45 3.3 ± 0.9 0.03 ± 0.02 
Butyrate 20 ± 2 6.7 ± 0.2 0.33 ± 0.04 
Valerate 0.4 ± 0.1 8.8 ± 0.5 22 ± 6 
Hexanoate 0.13 ± 0.05 5.7 ± 0.4 43 ± 18 
Heptanoate 0.71 ± 0.45 11.0 ± 1.9 15 ± 9.8 
Octanoate 2.1 ± 0.7 5.2 ± 0.6 2.4 ± 0.9 
Isobutyrate 219 ± 69 4.0 ± 0.9 0.018 ± 0.007 
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3-Methylvalerate 2.7 ± 0.6 7.7 ± 0.6 2.9 ± 0.6 
4-Methylvalerate 0.22 ± 0.07 6.6 ± 0.4 29 ± 10 
4-




Propionate 98 ± 42 3.3 ± 0.8 0.03 ±0.02 
Valerate 2.3 ± 0.7 2.7 ± 0.3 1.20 ±0.38 
Hexanoate 0.58 ± 0.05 2.67 ± 0.06 4.62 ±0.40 
Heptanoate 1.05 ± 0.13 2.22 ± 0.08 2.11 ±0.27 
Octanoate 4.1 ± 2.4 6.1 ± 1.6 1.47 ±0.95 
Isobutyrate 110 ± 42 3.2 ± 0.8 0.03 ±0.01 
3-Methylvalerate 1.5 ± 0.4 1.9 ± 0.2 1.22 ±0.37 
4-Methylvalerate 4.3 ± 0.5 6.7 ± 0.3 1.57 ±0.19 
4-




Butyrate 4.5 ± 0.9 3.8 ± 0.4 0.9 ± 0.2 
Valerate 2.1 ± 1.8 2.2 ± 0.7 1.0 ± 1.0 
Hexanoate 7.8 ± 1.0 4.8 ± 0.4 0.62 ± 0.09 
Heptanoate 5.0 ± 1.3 5.4 ± 0.7 1.1 ± 0.3 
Octanoate 2.4 ± 0.7 4.5 ± 0.5 1.9 ± 0.5 
3-Methylvalerate 3.01 ± 0.4 2.5 ± 0.1 0.8 ± 0.1 




Butyrate 16 ± 5 19 ± 4 1.2 ± 0.5 
Valerate 1.5 ± 0.5 7.2 ± 0.9 4.9 ± 1.8 
4-Methylvalerate 1.2 ± 0.3 8.2 ± 0.6 6.7 ± 1.6 
Trp427Ala* 
Acetate 1.9 ± 0.4 11.0 ± 0.8 6.0 ± 1.2 
Propionate 23 ± 11 21 ± 7 0.9 ± 0.5 
Butyrate 5.1 ± 0.7 10.8 ± 0.8 2.1 ± 0.3 
Trp427Ser* Acetate 8.9 ± 3.8 7.2 ±1.8 0.81 ± 0.4 Isobutyrate 1.6 ± 1.4 1.5 ±0.5 1.0 ± 0.9 
Trp427His* Acetate 14 ± 11 15 ± 7 1.1 ± 0.9 
Trp427Val* Acetate 10 ± 2 10.6 ± 1.4 1.0 ± 0.3 Propionate 38 ± 27 2.5 ± 1.5 0.06 ± 0.06 
Trp427Phe* Acetate 1.2 ±0.4 11.7 ± 1.1 15.2 ± 4.7 
The variants marked with asterisk (*) were extracted with the purification protocol using 
HEPES buffer, while all other enzymes were purified with Tris-HCl buffer (see Materials and 
Methods). All enzyme variants were assayed with all 11 carboxylate substrates listed in the 
Material and Methods, but data are only presented with the carboxylate substrates that 
exhibited activity. 
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CHAPTER 3. UNDERSTANDING EFFECTS OF ACETYLATION IN 
REGULATING ARABIDOPSIS ACETYL COA SYNTHETASE 
 
This chapter has been written in a format for submission to the journal Archives of 
Biochemistry and Biophysics 
 
Naazneen Sofeo1,2,3, Basil J. Nikolau1,2,3,4 
 
Abstract 
Acetyl-CoA synthetase (ACS) is known to be regulated by the post translational 
modification of reversible acetylation. This post translational modification is one of the most 
studied modifications. In organisms like bacteria and yeast, it has been shown that this 
modification leads to reduction of activity of the enzyme. A conserved lysine residue in the 
A10 motif of homologous ACS has been shown to be the one involved in this process of 
reversible acetylation. In this study we have analyzed the effect of acetylation on Arabidopsis 
ACS activity and the conserved lysine involved in this modification. According to our 
knowledge, this is the first report of the effect acetylation has on a plant ACS using in vitro 
studies. 
                                                 
1  Roy J. Carver Department of Biochemistry, Biophysics and Molecular Biology, Iowa 
State University, Ames, IA 50011, USA, 2 Engineering Research Center for Biorenewable 
Chemicals Iowa State University, Ames, IA 50011, USA, 3 Center for Metabolic Biology, Iowa 




The interplay between acetylation and deacetylation is a crucial process in regulating 
many biological processes including chromatin structure and transcriptional regulation and the 
regulation of cellular metabolism [1–3]. This post-translational modification is evolutionarily 
conserved over a range of phyla, and two enzymes play a role in this process: a) lysine acetyl 
transferases (KATs) that acetylate lysine residues; and b) lysine deacetylases (KDACs) that 
hydrolyze and remove the acetyl group from this side chain [1]. In addition, non-enzymatic 
auto-acetylation of lysine residues in proteins occurs at alkaline pH, particularly in sequences 
where a lysine residue is flanked by positively charged amino acids [4].   
Acetyl-CoenzymeA (CoA) synthetase (ACS) is a ~72 kDa protein, which plays an 
important role in fatty acid and polyketide biosynthetic pathways. In a wide variety of 
organisms ACS activity is known to be regulated by reversible post-translational acetylation. 
Specifically, the ACS from Mycobacterium tuberculosis has been shown to be auto-acetylated 
using an acetate containing buffer at alkaline pH [5].  The enzymatic acetylation of a lysine 
residue as a mechanism of ACS regulation has been extensively studied in bacterial systems 
[3,6,7]. For example, the non-acetylated ACS of Salmonella enterica is about 480-fold more 
active than the acetylated enzyme [8]. The deacetylation of this enzyme is catalyzed by CobB, 
which is a homolog of the yeast Sir2 deacetylase [9]. The acetylation of this ACS occurs on 
the side chain of a Lys residue that is positioned in the middle of a conserved motif called A10. 
Structural studies of the S. enterica ACS indicate that acetylation does not induce any 
conformational changes in the enzyme [10].  However, acetylation significantly affects the first 
half-reaction of the ACS-catalyzed reaction, presumably by aligning the acetate-substrate with 
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the active site residue(s) [10]; this acetylation reaction does not affect the second half reaction 
of the ACS-catalyzed reaction [8].  
In plant systems, such as Arabidopsis, the metabolic function of ACS is not completely 
clear.  Unlike other biological systems, ACS is not the physiological source of acetyl-CoA that 
is the precursor of de novo fatty acid biosynthesis in plastids [11]; this is in spite of the fact 
that ACS is plastid localized [12].  In this study, we explored if the acetylation-based regulation 
of ACS is extrapolatable from bacteria, yeast and algae to affect activity of this enzyme in 
plant systems.  
Materials & Methods 
Generation of atACS variants 
The atACS ORF was cloned into the BamHI restriction site of the pET30f vector [13]. The pET30f 
vector is a modified pET30 vector (Takara, Clontech, Mountain View, CA) that will fuse an N-
terminal poly-histidine coding sequence with a TEV cleavage site, to the atACS ORF 
sequence. Mutagenesis of targeted residues in the atACS sequence was performed using the 
QuikChange Lightning site-directed mutagenesis kit (Agilent Technologies, Santa Clara, CA). 
Sequence confirmed pET30f constructs were subsequently transformed into E. coli 
ArcticExpress (DE3) cells (Agilent Technologies, Santa Clara, CA) for protein expression. 
Expression and purification of wild-type and variant proteins 
Arctic Express strains harboring plasmids that express either wild-type atACS or variants were 
grown overnight at 37 °C with shaking at 250 rpm for aeration, in 5-10 ml LB medium 
containing the antibiotics kanamycin (50 μg/ml) and gentamycin (20 μg/ml). Arabidopsis 
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SRT1 (AT5G55760) and SRT2 (AT5G09230) ORFs [14,15] were cloned into the BamHI 
restriction site of the pET30f vector. The sequence encoding the 50 amino acid long signal 
peptide was removed from the SRT2 construct. Sequence confirmed pET30f constructs were 
subsequently transformed into E. coli ArcticExpress (DE3) cells (Agilent Technologies, Santa 
Clara, CA) for protein expression. Precultures of these strains were grown overnight at 37 °C 
with shaking at 250 rpm for aeration, in 10 ml LB medium containing the antibiotics 
kanamycin (50 μg/ml) and gentamycin (20 μg/ml). The overnight preculture was used to 
inoculate 0.5-1.0 L LB media containing no antibiotics, and these cultures were grown at 30 
°C with shaking at 250 rpm, until an OD600 of ~0.6. Expression was then induced by the 
addition of IPTG to a final concentration of 0.1 mM, and the culture was grown at 13 °C with 
shaking at 250 rpm for 24-48 hours. 
Cells were harvested by centrifugation at 10,000g for 10 minutes, and for atACS 
variants resuspended in a buffer containing 20 mM HEPES-KOH, pH 7.5, 0.5 M NaCl, 5 mM 
imidazole, 0.1% (v/v) Triton X-100, 0.1 mg/ml phenyl methyl sulfonyl fluoride (PMSF), and 
10 μl/ml Protease Inhibitor Cocktail (Sigma-Aldrich Co., St. Louis, MO).  The buffer used 
for SRT1 and SRT2 was 20 mM sodium phosphate buffer, pH 8.0, 0.5 M NaCl, 1 mM DTT, 
5 mM imidazole, 0.1% (v/v) Triton X-100, 0.1 mg/ml PMSF, and 10 μl/ml Protease Inhibitor 
Cocktail (Sigma-Aldrich Co., St. Louis, MO). Cells were disrupted by sonication on ice, and 
all subsequent steps were conducted at 4 °C.  The cell extract was centrifuged at 20,000xg for 
30 minutes, and the supernatant was retained, filtered through a 0.45 μm filter (Corning Inc., 
Corning, NY) and applied to a column containing 2 ml PerfectPro Ni-NTA agarose (5 Prime, 
Inc., Gaithersburg, MD). The column was washed with increasing concentrations of 
imidazole, and the atACS, SRT1 or SRT2 proteins were eluted with 0.2 M imidazole. atACS 
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samples were immediately dialyzed into 10 mM HEPES-KOH, pH 7.5, 10 mM KCl, 2mM 
TCEP, 10% glycerol. SRT1 and SRT2 proteins were immediately dialyzed into 10 mM 
sodium phosphate buffer, pH 8.0, 0.5 M NaCl, 1 mM DTT and 10% glycerol. 
Gel Filtration Chromatography 
Size exclusion gel filtration chromatography was conducted with an AKTA FPLC system 
(GE Healthcare Life Sciences, Pittsburg, PA). A 100 µl aliquot of purified atACS protein (8-
10 mg/ml) was injected into a prepacked Superdex 200 Increase 10/300 GL gel filtration 
column (GE Healthcare Life Sciences, Pittsburg, PA). The buffer used for atACS variants 
was 10 mM HEPES-KOH, pH 7.5, 10 mM KCl, 2 mM TCEP, 10% glycerol. For SRT1 and 
SRT2 the buffer was 10 mM sodium phosphate buffer, pH 8.0, 0.5 M NaCl, 1 mM DTT and 
10% glycerol. Elution was with a flow rate of 0.4 ml/minute, and protein elution was 
monitored using a UV absorbance detector, at 280nm.  
Acetylation and deacetylation of atACS 
The non-enzymatic, autoacetylation of ACS (~130 µg 0f purified protein) was conducted in a 
1-mL volume of acetylation buffer consisting of 10 mM potassium acetate, 10 mM MgCl2, 10 
mM ATP, 50 mM Tris-HCl, pH 8.0 [5]. Following incubation at 37°C for 2 hours, the protein 
solution was dialyzed into 10 mM HEPES, pH 7.5, 10 mM KCl, 2 mM TCEP, 10% glycerol.  
The ability of SRT1 or SRT2 proteins to catalyze the deacetylation of acetylated ACS 
was assayed in separate reactions.  Acetylated ACS (130 µg of protein) was incubated 
overnight at 25 oC, with either purified SRT1 (25 µg) or purified SRT2 (25 µg) proteins in 10-
mL of deacetylation buffer consisting of 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2, 400 uM 
NAD+, 50 mM Tris-HCl, pH 8.5 [5].  
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Protein analysis 
Isolated protein preparations were evaluated by SDS PAGE, and the acetylation status 
of ACS was evaluated by Western blot analysis, using an antibody (1:1000 diluted) that reacts 
with N-ε-acetyl-L-lysine (Cell Signaling Technology, #9441).  
The acetylation status of ACS was also evaluated by mass spectrometric analysis of 
rLysC (Promega Corporation, Madison, WI) digested proteins using Q Exactive™ Hybrid 
Quadrupole-Orbitrap Mass Spectrometer (Thermo Fisher Scientific Inc., Waltham, MA), at 
the Iowa State University Protein Facility (http://www.protein.iastate.edu). The purified 
protein preparations of auto-acetylated ACS and wild-type ACS were subjected to SDS-PAGE 
analysis. Following staining with Coomassie Brilliant Blue, the identified protein band was 
excised and digested using an Investigator™ ProGest (Genomic Solutions, Digilab Inc, 
Hopkinton, MA) in 0.5 mL buffer (50 mM Tris, pH 8) with LysC at a concentration of 2 µg/100 
µg sample in the presence of 5 mM DTT and 15 mM iodoacetamide. The results were analyzed 
using SequestHT against the ACS protein sequence, with four possible missed cleavage sites. 
The possible modifications analyzed were acetylation of Lys, carbamidomethylation of Cys, 
deamidation of Asn and Gln and oxidation of Met residues. 
Mass-spectrometric analysis of isolated intact proteins was also conducted using a 
Waters SYNAPT G2-Si High Definition Mass Spectrometer, at the Iowa State University 
Protein Facility (http://www.protein.iastate.edu).  
Spectrophotometric atACS Activity Assay 
ACS activity was measured by coupling the acetate-dependent formation of AMP from ATP 
to the oxidation of NADH, using the enzymes myokinase, pyruvate kinase and lactate 
dehydrogenase [16] (Sigma-Aldrich Co., St. Louis, MO). The oxidation of NADH was 
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monitored by the rate of decrease in absorbance at 340 nm. The kcat of each atACS enzyme 
variant was determined by assaying each enzyme with different acetate concentrations, ranging 
between 0 and 5 mM. Specific activity of atACS was determined by using 5 mM acetate. 
Assays were performed in 96-well micro-titer dishes at 37°C with a final well-volume of 100 
μl. The change in A340 of each well was monitored with a BioTek ELx808TM Absorbance 
Microplate Reader, using Gen5TM Data Analysis software (BioTek Instruments, Winooski, 
VT). The standard reaction contained 50 mM Tris-HCl, pH 7.5, and 5mM Tris(2-
carboxylethyl) phosphine hydrochloride (Thermo Fisher Scientific Inc., Waltham, MA); 5% 
(v/v) ethanol; 5 mM ATP; 6mM MgCl2; 5 mM phospho(enol)pyruvate; 0.4 mM NADH; 2-20 
U pyruvate kinase/lactate dehydrogenase mix (Sigma-Aldrich Co., St. Louis, MO); 10U of 
rabbit muscle myokinase or 1U chicken muscle myokinase (Sigma-Aldrich Co., St. Louis, 
MO); and 5 μg of purified recombinant atACS protein.  
Circular Dichroism Spectroscopy 
CD spectra were obtained at the Iowa State University Chemical Instrumentation Facility 
(https://www.cif.iastate.edu) using a Jasco J-710 CD (JASCO Analytical Instruments, Easton, 
MD). Spectra were taken at wavelength range of between 190 nm and 260 nm, with the 
following settings parameter: Pitch point 1, Speed 20 nm/min, Response time 4 sec, Bandwidth 
1 nm, Temperature 20 °C and Data mode CD-HT. Spectra where acquired with a 1 mm 
dichroically neutral quartz cuvette and the average of 3 scans was used for analysis. For 
acquisition of spectra, protein samples in 10 mM HEPES-KOH, pH 7.5, 10 mM KCl, 2 mM 
TCEP and 10% glycerol were diluted into double distilled H2O to a final concentration of 0.1-
0.2 mg/ml. A baseline spectrum for the same dilution of the buffer was obtained and subtracted 
from the experimental protein spectra. After data collection, spectra were converted from 
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millidegrees to molar ellipticity ([θ], degrees cm
2 dmol
-1
). Spectra were analyzed using a suite 
of algorithms collectively called CDPro [17], utilizing algorithms: SELCON3, CDSSTR, and 
CONTIN/LL.  
Results 
Comparing the Arabidopsis ACS sequence to ACS sequences from a range of diverse 
biological phyla identifies 10 conserved motifs (A1 to A10) that are scattered evenly 
throughout the length of these sequences. Three of these motifs A3, A4 and A5, contain the 
residues that determine the carboxylate substrate specificity of this class of enzymes 
[10,18,19], and the A10 motif contains a highly conserved lysine residue (at position 622 of 
the Arabidopsis enzyme) (Figure 1), which appears to be susceptible to reversible acetylation 
a mechanism by which many of these enzymes are regulated [8].   
Several different strategies were used in this study to evaluate and deduce that Lys622 
residue was the target of the acetylation in the Arabidopsis ACS. These experiments focused 
on the characterization of mutant variants, Lys622Ala, Lys622Gln and Lys622Arg.  SDS PAGE 
analysis of the purified preparations of these variant proteins indicate that high-levels of 
expression were achieved, recovering 10-15 mg of purified protein/L of culture (Figure 2A). 
Size exclusion gel filtration chromatography of the purified protein variants show that all 
proteins elute as a single symmetrical peak, at elution volumes consistent with the molecular 
weight of a monomer (Figure 2B). CD spectral analysis of these preparations show that all 
proteins are similarly folded as the wild-type enzyme (Figure 2C), and secondary structure 
composition calculations indicate no significant differences among the proportion of the 
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proteins that acquire alpha helices, beta sheet, turns and unordered secondary structures (Figure 
2D).  
Enzymatic assays of the three Lys622 variants demonstrate that compared to the wild-
type enzyme, catalytic competence of these mutants is reduced by more than 30-fold.  
Specifically, the kcat for the Lys622Arg mutant is reduced by 30-fold (increasing Km by 25-fold), 
while the catalytic activity of the Lys622Ala and Lys622Gln mutants is even further reduced to 
such levels that catalytic constants could not be accurately determined (Figure 3A & B). 
The FPLC purified wild-type and Lys622 mutant variants of ACS were chemically 
autoacetylated in vitro, and their acetylation status was determined by western blot analysis 
using the anti-acetyl-lysine antibody.  While the wild-type enzyme is acetylated, all the Lys622 
mutants are not acetylated (Figure 3C). Furthermore, mass-spectrometric analysis of the wild-
type protein and the acetylated protein is consistent with the acetylation of the Lys622.   
Namely, the predicted theoretical mass value of the wild-type protein is predicted to be 
75876.000 Da. This value is increased by ~42 Da following acetylation of the wild-type ACS, 
consistent with the acetylation-modification of the protein at a single site.  In addition, the 
mass-spectrometric analysis of the Lys622Ala and Lys622Gln variants are within 1.000 Da from 
the predicted changes associated with the individual mutations; compare 75876.000 Da for the 
wild-type enzyme with 75819.000 for the Lys622Ala mutation, and 75876.000 for the Lys622Gln 
mutation (Figure 4). Therefore, the western blot and mass spectrometric data indicate that in 
the Arabidopsis ACS Lys622 is the site of acetylation, as this acetylation is absent when the 
Lys622 residue is mutated, and the mass changes of these mutants are consistent with the 
Lys622Ala and the Lys622Gln mutations.  
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Direct demonstration that the auto-acetylation of ACS protein is targeted to residue 
Lys622 was obtained by mass-spectrometric analysis of the LysC digested enzyme.  In these 
analyses, the sequence-coverage of wild-type protein was 40.5% (Figure 5A), while for the 
acetylated ACS it is ~62% (Figure 5B). Although the non-acetylated LysC-generated peptide 
that contains Lys622 could not be identified from the wild-type protein, the acetylated form of 
this peptide was successfully detected in acetylated ACS. Specifically, the peptide 
TRSGKAcIMRRILRK was identified with monoisotopic m/z value of 415.01083 Da (+1.22 
mmu/+2.95 ppm), charge of +4 and theoretical mass MH+ ion of 1657.02151 Da using Sequest 
HT (v1.17) (Figure 6).  
Using these techniques, we also evaluated if the acetylated ACS protein could be 
deacetylated by one of two purified Arabidopsis sirtuin deacetylases, SRT1 and SRT2 [14,15].  
Following acetylation, the purified ACS was incubated in vitro with purified SRT1 or SRT2.  
Comparing the acetylation status of ACS by Western blot analysis with anti-acetyl-lysine 
antibody before and after this treatment, indicates that acetylated ACS is not a substrate for 
these two sirtuin deacetylases (Figure 7A).   
The purified acetylated and non-acetylated Arabidopsis ACS were assayed for catalytic 
activity.  The acetylation status of these preparations was confirmed by Western blot analysis 
with anti-acetyl-lysine antibody (Figure 7A & 8A), and by mass spectrometric analysis (Figure 
5B). The specific activity of these two ACS preparations was compared.  Figure 5B shows that 
there is no significant difference in the specific activity of the acetylated and non-acetylated 
enzyme. The Michaelis-Menten kinetic parameters (Km, kcat and kcat/Km) of these two forms of 
ACS are also not affected by acetylation (Figure 8B & C). In parallel, we also compared the 
specific activity of acetylated ACS after treatment with SRT1 or SRT2. Statistical analysis 
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(using student t-test, at p-values <0.05) indicates that SRT1 treatment did not affect ACS 
activity, but a small, but significant decrease in specific activity was detected upon treatment 
with SRT2 (Figure 7B). 
Thus, collectively these data establish that although acetylation of Lys622 occurs as with 
ACS enzymes from a variety of organisms, this event is not a significant modulator of the 
Arabidopsis ACS catalytic activity.  
Discussion 
Lysine acetylation-deacetylation cycles are important mechanisms for the post-
translational regulation of a wide range of biological processes.  These regulatory cycles occur 
over a wide range of biological phyla. These acetylation modifications can also occur on serine 
or threonine side-chains [20], but the focus of this discussion is on the acetylation of amine 
groups, and can occur at either at the N-terminus of proteins, or at the Nε -amine of lysine side 
chains [1–3].  In plants, 100s of Nε-amine lysine sites have been identified [21], and these post-
translational modification effects occur on both histone and non-histone proteins; the latter are 
involved in a variety of metabolic processes including photorespiration, redox regulation, TCA 
cycle, and amino acid and protein metabolism [22]. These acetylation reactions mask the 
positive charge of lysine side chains, and thus potentially affect the nature of the interactions 
within the tertiary structure of the modified protein [4,23]. 
Previous studies of ACSs have shown reversible acetylation to be an important 
regulatory mechanism for modulating the activity of this enzyme. In diverse phyla, the 
acetylation of ACS inactivates the enzyme [6–8,24]. In contrast, the acetylation of a long chain 
acyl CoA synthetase in the diatom Phaeodactylum tricornutum appears to lead to enzymatic 
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activation [25]. Structural studies with members of the ACS superfamily have shown that the 
side chain of the Lys residue that is targeted for acetylation, electrostatically interacts with the 
α-carboxylate group of the substrate. In the first half of the reaction, this lysine residue is 
projected into the active site even though it is located in the C terminal domain. In addition, 
this lysine residue hydrogen bonds with O-4’ and O-5’ of the ribose moiety of the ATP 
substrate [27]. Thus, the acetylation of the lysine residue can disrupt these interactions, which 
is a possible explanation for the loss of enzymatic activity upon this modification.  
In this study we identified the acetylation site for the plant ACS as occurring at Lys622.  
This identity is consistent with the position of this residue in a motif (A10) that is highly 
conserved among many ACS enzymes, and is the homologous residue that has been shown to 
be the target of acetylation in a bacterial ACS (i.e., Cryptococcus neoformans: PDB 5VPV). 
The sequence homology-based identification of Lys622 as the site of acetylation of the plant 
enzyme was experimentally confirmed by a combination of site directed mutagenesis and 
mass-spectrometric analyses.  Moreover, it appears that in vitro the acetylation of the plant 
ACS is autocatalytic and does not require additional enzymatic components.  This is similar to 
the M. tuberculosis ACS [5].  Finally, prior studies have established that this conserved Lys 
residue has an important role in catalysis by ACS, particularly in the first half reaction 
catalyzed by this enzyme [10].  Although this important functionality is also conserved in the 
plant ACS, the acetylation of this residue does not significantly affect catalysis.   
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Figure 1: Comparison of the amino acid sequences of AMP-forming family of acyl-CoA 
synthetases from different organisms that utilize acetate (ACS) or propionate (PCS) as 
substrates. Alignment was performed using Clustal Omega. Asterisk indicate the conserved 
lysine residue proposed to be reversibly acetylated. White letters on a black background 
indicate identity, white letters on a gray background indicate similarity, and black letters on a 










Figure 2: Characterization of ACS Lys622 mutants. A. SDS-PAGE analysis of purified wild-
type and indicated Lys622 mutant variants. B. Size exclusion chromatography (FPLC) of wild-
type and Lys622 mutant variants of ACS. C. CD spectra of wild-type and Lys622 mutant variants 
of ACS. Measurements are an average of three replicate scans. D. Composition of secondary 
structure composition calculated from the CD spectra of wild-type and Lys622 mutant variants 
of ACS. Errors bars indicate standard errors from 3 replicate CD spectra calculated by 3 
algorithms, SELCON3, CDSSTR, and CONTIN/LL. 
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Figure 3: A. Michaelis-Menten kinetic analysis of ACS Lys622 variants. B. Expanded view to 
demonstrate that the Lys622 variants have very low activity, as compared to the wild-type 
enzyme. C. Acetylation of ACS Lys622 variants. Western blot analysis with anti-acetyl-lysine 
antibody of acetylated wild-type ACS, and the indicated ACS Lys622 variants. The top panel is 





Figure 4: Mass spectrometric analysis of intact acetylated ACS. A. Acetylated wild-type ACS; 
major peak at mass 75918. B. Acetylated ACS Lys622Ala variant; major peak at mass 75818. 




Figure 5: Mass-spectrometric coverage map of LysC digested wild-type (A) and acetylated 
(B) ACS showing detected peptides and modifications on specific amino acid. The green shade 
identifies sequences of detected peptides. The modifications are indicated as A: acetylation; C: 







Figure 6: LC-MS/MS spectra and MS2 fragmentation pattern (Inset) of the peptide containing 


















Figure 7: Activity and acetylation levels of Arabidopsis acetyl-CoA synthetase. A. Western 
blot analysis with anti-acetyl-lysine antibody of non-acetylated and acetylated ACS, and 
acetylated ACS after incubation with deacetylases, SRT1 or SRT2. The top panel is the image 
from western blot analysis and bottom panel shows Ponceau S staining of the same membrane. 
B. Specific activity of non-acetylated and acetylated ACS, and acetylated ACS after treatment 
with deacetylases, SRT1 or SRT2. Asterisk indicates statistically significant difference from 




Figure 8: Comparison of acetylated and non-acetylated Arabidopsis thaliana acetyl-CoA 
synthetase. A. Western blot analysis of purified acetylated and non-acetylated ACS with anti-
acetyl-lysine antibody. The top panel is the image from the western blot analysis and bottom 
panel shows the Ponceau S staining of the same membrane. B. Substrate dependence of 
acetylated and non-acetylated ACS activity. C. Kinetic parameters Km, kcat and catalytic 









CHAPTER 4. SIRTUIN-MEDIATED REGULATION OF PLANT ACETYLOME 
AND METABOLOME 
Abstract 
The post translational, reversible modification by acetylation of lysine residues is widespread 
across all biological clades. Among the deacetylases involved in removal of this acetyl group, 
this study characterized the two sirtuin-family deacetylases in Arabidopsis, SRT1 and SRT2. 
In vitro characterizations of recombinantly expressed purified SRT1 and SRT2 proteins 
establish that they are sirtuin deacetylases. A comparative integrated biochemical-genetic 
study of the acetylome and metabolome of srt1 or srt2 single mutants and srt1srt2 double 
mutant plants indicate that although there are undetectable effects on the growth phenotype of 
the plants, there are considerable changes in the molecular features that were assayed.  The 
changes induced by the double mutant indicate that these proteins deacetylate both histone and 
non-histone proteins.  In addition, the mutant-induced changes in the metabolome indicate that 
the two SRT homologs are involved in regulating different metabolic processes, generating 
distinct metabolomes. The combined datasets can be used to identify individual lysine 
acetylation sites to mechanistically understand the role of each acetylation-deacetylation cycle 
in regulating metabolic processes. 
Introduction 
The post-translational modification of the lysine side chain amine by acetylation is a 
reversible process that affects a wide range of processes in both prokaryotes and eukaryotes 
[1]. Two types of enzymes catalyze this reversible process, lysine acetyl transferases (KATs) 
that acetylate the protein side chain, and lysine deacetylases (KDACs) that remove the acetyl 
group [2].  In plants, 100s of lysine acetylation sites have been identified [3], and these include 
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histone proteins that modulate nucleosome structure and thus regulate transcription, and the 
acetylation of non-histone proteins that affect other biological processes [4] are also acetylated.  
In plants, typified by Arabidopsis, three types of KDACs have been characterized [5]. 
Type I proteins are homologous to the yeast Reduced Potassium Deficiency 3 (RPD3) protein, 
which is also widely found in other eukaryotes. Type II KDACs are plant-specific HD-tuins, 
and they are characterized by a conserved HD-2 type HDAC domain in the N terminus of the 
protein [5,6]. Type III KDACs are sirtuin proteins, which are homologous to the yeast Sir2 
protein [5], and all sirtuins share the common feature that they are NAD+-dependent enzymes 
and they are inhibited by nicotinamide [7]. The Arabidopsis genome encodes two sirtuin 
proteins, SRT1 and SRT2 [8–10] and 14 additional Type I and Type II KDACs [5].  
In contrast to plants, that express 2 sirtuins, other eukaryotes, such as humans have 7 
sirtuin proteins (called SIRT).  Phylogenetically, the human SIRT1, SIRT2 and SIRT3 are 
similar to the yeast Sir2 sirtuin, while SIRT4 and SIRT5 are mitochondrial, and are homologos 
to bacterial sirtuins, and SIRT6 and SIRT7 are related to archaeal-type sirtuins [11]. Sirtuins 
can deacetylate both histones and also non-histone proteins [12], and this deacetylation 
reaction can either decrease [13] or increase [14] the functionality of the substrate protein.  
In plants, such as Arabidopsis, SRT1 and SRT2 can also deacetylate histones and non-
histone proteins domains [15] affecting epigenetic regulation particularly during ethylene 
signaling [8], and also affect energy metabolism [9].  In this study we integrated in vitro 
characterization of the SRT1 and SRT2 proteins, with the in vivo characterization of the effect 





In vitro characterization of Arabidopsis SRT proteins 
The two sirtuin proteins encoded by the Arabidopsis genome (SRT1 and SRT2) were 
individually expressed in E. coli and purified with the His-tag that was genetically fused to the 
N-terminus of each protein. SDS-PAGE analysis of the purified proteins (Figure 1A) indicate 
that each preparation was over 95% pure and yields of between 1-4 mg of SRT proteins were 
achieved from 1-L of bacterial culture. These analyses in combination with size exclusion gel 
chromatography (Figure 1B) indicate that each protein is purified primarily as a monomer, 
with molecular weights of 54 kDa for SRT1 and 31 kDa for SRT2. SRT1 and SRT2 share 23% 
and 26% sequence identity, respectively, with the S. cerevisiae sirtuin, SIR2 (data not shown). 
Each of the purified preparations was assayed for the ability to catalyze a deacetylation 
reaction using a commercial synthetic substrate which is an acetylated, luminogenic peptide.  
The deacetylation of this substrate results in increased luminescence.  The results shown in 
Figure 1C indicate that both the SRT1 and SRT2 are deacetylating enzymes, and both enzymes 
show similar activity against this substrate. Moreover, both the SRT1- and SRT2-catalyzed 
reactions are susceptible to inhibition by nicotinamide, with an IC50 of 3.75 mM and 1.27 mM, 
respectively (Figure 1D); these values being close to values reported for classical sirtuins (~ 
0.1 mM) [16]. These in vitro properties of the purified SRT1 and SRT2 proteins are shared 
characteristics that define sirtuin proteins [7].  
Characterization of sirtuin Arabidopsis mutants 
Arabidopsis lines that carry both srt1 and srt2 mutant alleles were generated by crossing plants 
that carried either the srt1 or srt2 single mutant alleles. These lines were propagated by selfing, 
and progeny were genotyped to confirm that they are either homozygous mutant or 
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homozygous wild-type at these loci.  The subsequent characterizations of these lines were 
conducted on pooled tissue collected from 21-day old sibling seedlings. 
RT-PCR analysis of the expression of the SRT1 and SRT2 mRNA establish that each 
mutant individually eliminated the expression of each transcript, and that there is no 
compensatory change in the expression of the other homolog when either gene is mutated 
(Figure 2). Side-by-side comparison of the growth morphology of plants ranging from 6-days 
old seedlings to 54-days old flowering plants, indicate that the individual srt1 and srt2 
mutations, and the srt1srt2 double mutant do not affect a growth associated phenotypic 
difference from the wild-type plants (Figure 3).  
The effect of srt1 srt2 double mutant on the Arabidopsis acetylome 
Compared to wild type plants, we detected 211 differentially acetylated proteins in the 
srt1srt2 double mutant (p-value < 0.05) (Supplemental Table 2). The majority of these changes 
in the acetylome showed decreased acetylation, with only 75 proteins showing increased 
acetylation levels. These modulations in acetylation status ranged between a 5-fold increase 
for the protein encoded by AT1G76160, to 75% decrease for the protein encoded by 
AT5G66530.   
A combination of database queries was used to gain a broad understanding of the 
functional consequence of the srt1srt2-induced changes in the acetylome.  These databases 
include GO slim analysis [17,18], Reactome Pathways in Panther [19,20], and AraCyc [21,22]. 
Figure 4 shows the GO terms and Reactome pathways associated with proteins that show 
significant increases and decreases in acetylation levels in the srt1srt2 double mutant. These 
queries reveal altered acetylation status of proteins associated with gene expression 
(transcription), translation, DNA repair, amino acid metabolism, response to heat stress, lipid 
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metabolism, ATP binding or biosynthesis, oxidoreduction and transfer reactions. Use of 
AraCyc identified changes in the acetylation status of functionalities associated with binding 
of histones to DNA, ascorbate utilization, flavin biosynthesis, photosynthesis light reactions, 
hydrolysis of triacylglycerols (e.g., tributyrin), oxidoreduction and cadmium utilization 
reactions (Figure 5). 
All but two of the functional categories identified by these analyses display decreased 
acetylation status.  This is somewhat surprising because the srt1srt2 mutation eliminates 
sirtuin-catalyzed deacetylating capabilities, which would be expected to increase the 
acetylation status of proteins.  A potential explanation for these observations is that the 
observed changes in the acetylation status are not the result of the direct sirtuin-catalyzed 
deacetylation reactions, rather that sirtuins affect a core capability that cascades to a broader 
range of acetylating activities, thus increasing the acetylation status of these proteins.  This 
explanation fits the model that sirtuins catalyze the deacetylation of histones that alters 
chromatin structure and hence initiating cascades of changes in gene expression, which this 
study reveals is associated with changes in acetylation status of down-stream proteins.   
Effect of the sirtuin mutations on the Arabidopsis metabolome 
Untargeted metabolomic analysis was conducted on wild-type seedlings and compared 
to the metabolomes of the srt1srt2 double mutant, and to the srt1 and srt2 single mutants. 
These analyses detected 356 analytes, and 102 of these could be chemically identified 
(Supplemental Table 1). The Volcano-plot visualization of the changes in the metabolome 
indicate that collectively these mutations significantly (p-value < 0.05) alter the accumulation  
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levels of 205 metabolites from the wild-type levels (Figure 6A).  Thus, ~60% of the detected 
metabolome is altered by at least one srt mutation, and these alterations include both increased 
(86) and decreased (155) accumulation of the metabolites.   
Most changes in the metabolome are caused by the srt1 mutation, which affected the 
accumulation of 153 metabolites, and ~65% of these occurred uniquely in the srt1 mutation 
(Figure 6B).  The majority (65%) of these srt1-specific metabolite changes are decreases in 
levels of accumulation. In comparison, the srt2 mutation uniquely affects the accumulation of 
only 63 metabolites, with an additional 17 metabolites being affected by both srt1 and srt2 
mutations. These changes in the metabolome indicate that the SRT1 and SRT2 gene products 
both share certain functions (represented by 42 metabolites that are affected by both 
mutations), but primarily affect distinct processes, generating metabolomes that are distinct 
from the wild-type and from each mutation.   
The srt1srt2 double mutant expresses a metabolome that is more wild type-like than 
each of the srt1 and srt2 single mutants; furthermore, ~60% of the double mutant metabolite 
changes are shared with either srt1 or srt2 single mutants.  Collectively, therefore these 
changes indicate that although the two SRT homologs have shared functions in determining a 
common metabolome, the two homologs are also involved in processes that can generate 
distinct metabolomes and judged by the number of metabolites that are affected, these latter 
singular changes appear to be more significant that the shared processes.   
The interpretation of the results for the chemically identified metabolome (102 
metabolites) is more revealing of potential function.  Statistical analysis indicates that 67 of 
these chemically defined metabolites show significant (p-value < 0.05) differences between 
the mutants and the wild-type. Figures 7 and 8, identify the changes in abundance of the polar 
 76 
and non-polar metabolites as affected by the srt1 and srt2 single mutants and the srt1srt2 
double mutant lines.  
Comparing these data, there is a distinct pattern difference in the effect of these 
mutations between these two classes of metabolites.  Specifically, the effect of the srt1srt2 
double mutant is near equivalent to that of the srt2 single mutant for all non-polar metabolites 
analyzed; namely, both of these mutations greatly reduce the accumulation of these metabolites 
to about 3-10% of wild-type levels.  In contrast, whereas the srt1 mutation also reduces the 
accumulation of these non-polar metabolites, the impact of this mutation is not as dramatic.  
This result indicates that the SRT2 homolog primarily regulates metabolic processes that 
support the biosynthesis of the non-polar metabolites.  The common metabolic features of the 
metabolic pathways that supports the accumulation of these metabolites is the use of acetyl-
CoA as the precursor, and the use of NADP(P)H to biochemically reduce the oxidation state 
of the carbon that constitute these metabolites. This latter attribute maybe a consequence of the 
dependence of sirtuins on NAD, linking deacetylation reactions to the energy status of the 
organism [23,24]. 
In contrast, the effect of these mutations on the polar metabolites are not as 
generalizable.  Specifically, the effect on the polar metabolome is discrete, and does not appear 
to be focused on a class of metabolites.  This however may be a reflection of the fact that in 
contrast to the non-polar metabolites, the metabolic origins of the polar metabolites are 
considerably more diverse.  For example, the srt1 mutation has dramatic effects on the 
accumulation of glutamine and ascorbic acid, and these effects are in opposite directions, 
inducing increased accumulation of glutamine and reducing the accumulation of ascorbic acid.  
These two major metabolic alterations are uniquely induced by the srt1 mutation and appear 
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to be suppressed by combining the srt1 mutation with the srt2 mutation.  Thus, in regulating 
these two metabolic processes, the two SRT homologs appear to be genetically epistatic in 
their actions.  However, this is not generalizable for other polar metabolites (e.g., ornithine and 
2-piperidone).  In these examples, all three mutant lines examined equally increased 
accumulation of these metabolites.   
Specific changes in metabolite abundance are also observed which demonstrate that 
sirtuins are involved in regulating specific pathways. For example, organic acids (e.g., fumaric 
acid, malic acid, oxalic acid and glyceric acids) are significantly lowered in srt1 and/or srt2 
single mutants, while the level of these metabolites is restored to near wild-type amounts in 
the srt1srt2 double mutant. Additionally, higher levels of glutamine occur in the srt1 single 
mutant (Figure 7). These alterations may indicate that sirtuins affect the acetylation-based 
regulation of proteins associated with the TCA cycle. 
Relationship between metabolome and acetylome of sirtuin mutants 
A number of potential causative correlations are notable when one compares changes 
in the acetylome with changes in the metabolome of the srt1srt2 double mutant.  For example, 
the level of the amino acid, alanine is significantly increased in the double mutants (Figure 7), 
and this correlates with higher acetylation status of two alanine aminotransferase isozymes 
encoded by At1g23310 (GGT1) and At1g70580 (GGT2) (Supplemental Table 2). These 
enzymes catalyze transamination reactions using alanine as either a substrate or product, in 
biosynthetic or catabolic process [25,26].  Similar correlations are detectable in the two 
datasets for other amino acids metabolic processes.  These include increased ornithine levels 
(Table 5) and decreased acetylation of ornithine transcarbamoylase (AT1G75330) 
(Supplemental Table 2), which are involved in arginine metabolism.  
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Figure 4B and 4C indicate that a number of proteins related to pyruvate metabolism, 
gluconeogenesis, glycolysis and glucose metabolism experience significant decreases in 
acetylation levels. Some of these are glyceraldehyde 3-phosphate dehydrogenase 
(AT1G12900), phosphoglycerate kinase family protein (AT1G56190.2), triosephosphate 
isomerase (AT2G21170.1) and phosphoglucose isomerase (AT4G24620.1). Specifically, these 
mutations caused increased levels of a number of 3-carbon metabolites that are either 
intermediates of glycolysis or are derived from these intermediates (e.g., pyruvate and glycerol 
3-phosphate acyl ester) (Figure 7).  The latter metabolically links glycolysis and 
glycerophospholipids [27].  
Another correlation between the two datasets is the reduction in the accumulation of 
non-polar metabolites, particularly of fatty acids (Figure 8), and the change in the acetylation 
status of enzymes involved in these metabolic processes.  This includes the significant 
difference in the acetylation levels of the biotin carboxylase subunit of acetyl-CoA carboxylase 
(AT5G35360) and 3-ketoacyl-acyl carrier protein synthase III (AT1G62640) (Supplemental 
Table 2), both of these enzymes catalyze reactions that commit acetyl-CoA metabolism to de 
novo fatty acid biosynthesis [28,29].  
Discussion 
Reversible acetylation regulates a plethora of biological processes, many of which are 
mediated by changes in gene expression. A well characterized mechanism that facilitates some 
of these modulations is the acetylation of lysine residues in histones, which relaxes the 
interactions that facilitate nucleosome assembly enabling access to DNA leading to 
transcriptional activation [1,30]. In addition to histone acetylation, lysine acetylation of non-
histone proteins also regulates biological processes [9,31,32]. Maintaining and regulating the 
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processes of acetylation and deacetylation of lysine residues is therefore critical to the 
regulatory mechanism. 
In plants, large number of histone and non-histone lysine acetylation sites have been 
identified, and these have been associated with regulation of gene expression and other 
biological processes [3,32]. Prior such studies have identified the importance of deacetylases 
in maintaining the regulation of the acetylation status of proteins, and perturbing these 
activities by mutations have indicated that they are involved in plant development and stress 
responses [33].   
The Arabidopsis genome encodes at least 16 histone deacetylases [5], two of which 
appear to be sirtuin-type deacetylases, SRT1 and SRT2.  Both SRT1 and SRT2 have histone 
deacetylase domains, and in vitro characterization has demonstrated that SRT2 has sirtuin 
characteristics i.e., inhibition by nicotinamide and NAD+ dependence [9,15].  In vivo studies 
have shown that SRT1 affects the ethylene signaling pathway [8] and is linked to stress 
response and interacts with transcriptional repressors [8,34]. SRT2 has been shown to be 
involved in energy metabolism affecting levels of sugars and amino acids [9].  Moreover, 
genetic complementation studies have shown that only SRT2, and not SRT1 of Arabidopsis 
compensates for the high salt sensitivity of yeast sirtuin-mutant [8].  Our in vitro studies 
demonstrate that Arabidopsis SRT1 and SRT2, both are definitively active classical sirtuins 
deacetylases.  Furthermore, the dataset presented herein expands the role of sirtuin 
deacetylases in affecting plant metabolic processes. 
The acetylome of plants lacking the 2 sirtuin deacetylases indicate that SRT1 and SRT2 
affects the acetylation of both histone and non-histone proteins.  These non-histone acetylated 
proteins can be related to regulation of a number of metabolic processes such as glucose 
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metabolism, fatty acid metabolism, amino acid metabolism, and the TCA cycle. The parallel 
non-targeted metabolomic analyses of the sirtuin mutant plants reinforce these conclusions and 
identify key proteins whose acetylation status potentially effects specific metabolic processes 
in planta.  
The comparative metabolomic studies illustrate an interesting effect that will require 
additional insights to fully comprehend.  Specifically, individual srt1 and srt2 mutations affect 
distinct portions of the metabolome, however, the combination of the two mutations are not 
additive, but rather produces a different metabolome that appears to be more wild-type like.  
Some of these metabolomic effects may indicate that SRT1 and SRT2 potentially show genetic 
epistasis. Another potential complexity that will need to be further explored is the response of 
other acetylation-deacetylation enzymes in response to the srt1 and srt2 mutations [5].  For 
example, prior studies have indicated that the histone deacetylase, HDA14 affects about 10% 
of the Arabidopsis metabolome [32]. Further detailed analyses of individual lysine acetylation 
sites will allow mechanistic understanding of the role each acetylation-deacetylation cycle, 
which can potentially contribute to the enhancement of plant systems, which could in turn be 
used to improve the value, quality and sustainability of crops.  
Methods 
Plant material and growth condition 
Arabidopsis thaliana, Colombia [Col-0] was used as the wild type plant. Plants lines 
carrying either srt1 (SALK_001493) or srt2 (SALK_149295) mutant alleles were obtained 
from the Arabidopsis Biological Resource Center (http://abrc.osu.edu). Homozygous srt1 and 
srt2 lines were crossed to obtain the double knockout, srt1 srt2 line. Sequences of DNA 
primers used for genotyping these plants are listed in Table 1.  
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Plants were grown at 22°C with continuous illumination (photosynthetic photon flux 
density of 100 µmol m-2 s-1).  Seeds were sterilized and sown on Murashige and Skoog agar 
medium as described previously [35]. At 21-days after sowing, seedlings were harvested, 
pooled and immediately flash frozen in liquid nitrogen and stored at -80°C prior to 
lyophilization. 
Isolation and characterization of plant nucleic acids 
DNA was extracted from plant tissues and PCR-based genotyping was performed as 
described previously [36]. RNA was extracted from 21-day old pulverized seedling tissues 
using the TRIzol™ reagent as per manufacturer’s instructions (Invitrogen). The isolated RNA 
was treated with DNase (Ambion), and reverse transcribed using Double Primed RNA to 
cDNA EcoDry Premix (Takara, Clontech, Mountain View, CA). Gene specific mRNA 
presence was determined by RT-PCR using primers listed in Table 1; the ubiquitin 
(At4g05320) mRNA was used as the positive control.  
SRT1 and SRT2 cloning, expression, purification and chromatography 
Putative Arabidopsis SRT1 (AT5G55760) and SRT2 (AT5G09230) ORFs were cloned 
into the BamHI restriction site of the pET30f vector. The pET30f vector [37] is a modified pET30 
vector (Takara, Clontech, Mountain View, CA). The sequence encoding the 50 amino acid long 
signal peptide at the N-terminus of SRT2 was excluded from the construct. Sequence 
confirmed pET30f constructs were subsequently transformed into E. coli ArcticExpress (DE3) 
cells (Agilent Technologies, Santa Clara, CA) for protein expression. These strains were 
grown overnight at 37°C with shaking at 250 rpm for aeration, in 10 ml LB medium containing 
the antibiotics kanamycin (50 μg/ml) and gentamycin (20 μg/ml). The overnight culture was 
used to inoculate 0.5 L LB media containing no antibiotics, and these cultures were grown at 
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30°C with shaking at 250 rpm, until an OD600 of ~0.6. Expression was then induced by the 
addition of IPTG to a final concentration of 0.1 mM, and the culture was grown at 13°C with 
shaking at 250 rpm for 24-48 hours. 
Cells were collected by centrifugation at 5000g for 20 minutes and resuspended in a 
20 mM sodium phosphate buffer, pH 8.0 containing 0.5 M NaCl, 1 mM DTT, 5 mM 
imidazole, 0.1% (v/v) Triton X-100, 0.1 mg/ml phenyl methyl sulfonyl fluoride (PMSF), and 
10 μl/ml Protease Inhibitor Cocktail (Sigma-Aldrich Co., St. Louis, MO).  Cells were 
disrupted by sonication on ice, and all subsequent steps were conducted at 4°C.  The cell 
extract was centrifuged at 20,000xg for 30 minutes, and the supernatant was retained, filtered 
through a 0.45 μm filter (Corning Inc., Corning, NY) and applied to a column containing 2ml 
PerfectPro Ni-NTA agarose (5 Prime, Inc., Gaithersburg, MD). The column was washed with 
increasing concentrations of imidazole, and the proteins were eluted with 0.2 M imidazole. 
Samples were immediately dialyzed into 10 mM sodium phosphate buffer, pH 8.0 containing 
0.5 M NaCl, 1 mM DTT and 10% glycerol.  
Chromatography 
Size exclusion gel filtration chromatography was conducted with an AKTA FPLC 
system (GE Healthcare Life Sciences, Pittsburg, PA). Protein samples (100 µl of ~2 mg/ml) 
were injected into a prepacked Superdex 200 Increase 10/300 GL gel filtration column (GE 
Healthcare Life Sciences, Pittsburg, PA). The buffer used for FPLC was 10 mM sodium 
phosphate buffer, pH 8.0 containing 0.5 M NaCl, 1 mM DTT and 10% glycerol. The flow 
rate of 0.4 ml/minute was used and protein elution was monitored using an UV absorbance 
detector at 280 nm.  
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SRT1 and SRT2 kinetic assay 
The SRT1 and SRT2 activity assays were performed using SIRT-Glo assay (Promega 
Corporation, Madison, WI) as per manufacturer protocol. 2.43 µg of protein was used per 
reaction for both SRT1 and SRT2. The commercial synthetic substrate is an acetylated, 
luminogenic peptide. 
Non-targeted Metabolite Profile Analysis by GC-MS 
Metabolite extracts were prepared from 2-10 mg of pooled lyophilized tissues as 
reported previously [38]. Extracts were prepared. Internal standards, Ribitol (25 µg) and 
nonadecanoic acid (25 µg) were spiked into the extracts as internal standards for the polar and 
non-polar fractions, respectively. In parallel, blank samples were prepared with the identical 
technique, without including Arabidopsis tissue.  
Hot methanol (0.35 ml at 60°C) was added to each sample, and incubated at 60°C for 
10 min.  The sample was then sonicated for 10 min at full power. Chloroform (0.35 ml) and 
HPLC grade water (0.3 ml) was added to each sample, and the mixture vortexed for 1 to 3 min. 
After centrifugation at 13,000 g for 5 min, 200 ml of the upper phase (polar fraction) and 
200 ml of the lower phase (non-polar fraction) were separately removed into separate 2 ml GC-
MS vials. The polar sample was dried in a Speed-Vac concentrator (model SVC 100H, Savant, 
NY) and the non-polar sample was dried by evaporation facilitated by blowing nitrogen gas 
over the solvent. 
Samples were then double derivatized by methoximation and silylation. 
Methoximylated was accomplished by adding 50 µl of methoxyamine hydrochloride (20 
mg/mL dissolved in dry pyridine), and the reaction mixture was incubated at 30 °C for 1.5 
hours. Silylation was performed by adding 70-µL of N, O-
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Bis(trimethylsilyl)trifluoroacetamide (BSTFA) with 1% trimethyl chlorosilane (TMCS) and 
the mixture incubated at 65 °C for 30 min. 
GC-MS analysis was performed using an Agilent 6890 GC connected to an Agilent 
5973 quadrupole mass-spectrometer. Chromatography was with an Agilent 19091S-433, HP-
5MS (5%-Phenyl)-methyl siloxane column (30 m x 0.25 mm x 0.25 mm).  One µL of the 
derivatized sample was injected in splitless mode. An initial oven temperature of 70 °C was 
maintained for 2 min, and the temperature was then increased from 70 °C to 320 °C at the rate 
of 5 °C per min, and maintained at this temperature for 5 min.  The inlet temperature was set 
at 280 °C and helium flow rate at 1 mL per min. The ionization energy was set at 70 eV and 
the interface was temperature at 280 °C. 
The GC-MS data files were deconvoluted and queried against an in-house MS-library 
and the NIST 14 Mass Spectral Library using NIST AMDIS software [39]. 
Sample Processing for acetylome analysis and Protein Extraction 
Whole plant samples were harvested and ground in liquid nitrogen using a pre-chilled 
mortar and pestle.  Sample preparation methods were loosely based on results and methods 
from previous published work [40]. For each individual sample, five volumes (v:w) of Tris- 
buffered phenol (pH 8) was added to 500 mg of ground tissue and then mixed with 5 volumes 
(buffer:tissue, v:w) of extraction buffer (50mM Tris pH 7.5, 1mM EDTA pH 8, 0.9 M sucrose).  
The tissue and buffers were then spun down at 13,000 x g for 10 minutes at 4qC, the phenol 
phase moved to a new tube, and a second phenol extraction was performed on the aqueous 
phase using the same volume of phenol as before. The two phenol phases were combined in a 
new tube with 5 volumes (v:v) of pre-chilled 0.1 M ammonium acetate in methanol.  After 
mixing well, it was kept at -80qC overnight prior to centrifugation at 4,500 x g for 10 minutes 
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at 4qC. Two more additional precipitation steps were performed both by resuspending the 
pellet in 0.1 M ammonium acetate in methanol and incubating each time for 1 hour at -20qC 
followed by centrifugation at 4,500 x g for 10 minutes.  Following the two additional 
precipitation steps, the pellet was resuspended in 70% Methanol and kept at -20qC overnight 
prior to centrifugation at 4,500 x g for 10 minutes at 4qC. The supernatant was removed, and 
the protein pellet was placed in a vacuum concentrator until near dry.   
Protein Preparation and Digestion   
Two volumes (buffer:pellet, v:v) of protein digestion buffer (8M urea, 50mM Tris pH 
7, 5mM Tris(2-carboxyethyl)phosphine hydrochloride (TCEP)) was added to the pellet.  The 
samples were then resuspended via probe sonication.  The protein concentration for each 
sample was then determined using a Bradford protein assay (ThermoScientific).  The 
solubilized protein was then added to an Amicon Ultracel -30K Centrifugal Filter (Cat # 
UFC903024) and centrifuged at 4,000 x g for 30 minutes, repeat once more. Four mls of urea 
solution (8M urea, 0.1M Tris pH 8) with 2mM TCEP was added to the filter unit and then 
centrifuged at 4,000 x g for 30 minutes.  Two mls of iadoacetamide (IAM) solution (50mM 
IAM, 8M urea, 0.1M Tris pH 8) was added and units were incubated in the dark at room 
temperature for 30 minutes before being centrifuged at 4,000 x g for 20 minutes.  Two mls of 
urea solution (8M urea, 0.1M Tris pH 8) was added to the unit and centrifuged at 4,000 x g for 
20 minutes, this step was repeated once more. Two mls of 0.05M NH4CO3 was added to the 
filter unit and centrifuged at 4,000 x g for 20 minutes, this step was repeated once more. A new 
collection tube was added and 2ml of the 0.05M NH4CO3 solution with trypsin (enzyme to 
protein ratio 1:100) was added and the samples were incubated overnight at 37qC. Undigested 
protein amounts were determined via Bradford assays then trypsin (1μg/μl) and an equal 
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volume of LysC (0.1μg/μl) were added at a ratio of 1:100 (enzyme to protein). The units were 
then incubated for 4 hours at 37qC.  Units were centrifuged at 4,000 x g for 20 minutes. One 
ml of 0.05M NH4CO3 solution was added and the centrifuge step was performed again.  The 
previous step was repeated once more for a total of ~4mL of eluted peptides. The peptides 
were then concentrated in a vacuum concentrator, resuspended in water and peptide 
concentration was measured using the Pierce BCA Protein Assay Kit (ThermoScientific).  
C18 Desalting and Dimethyl Labeling 
Around 5mg of peptides from each sample was desalted with C18 columns (Waters) 
and labeled with light (WT) /heavy (Mutant) dimethyl labels. The C18 column was rinsed with 
3 ml methanol, followed by 3ml 0.1% formic acid twice. The peptides (resuspended with 0.1% 
formic acid) for each sample were loaded to a C18 column and ran through the column. The 
resulting flow through of peptide solutions were reloaded to the column once, washed with 
3ml of 0.1% formic acid twice and then 3ml of water twice. After that, 8ml of dimethyl labeling 
solutions (5 ml of 50 mM NaH2PO4 pH 7.5, 17.5ml of 50mMNa2HPO4 pH 7.5, 1.25 ml of 4% 
(v/v) formaldehyde in water (CH2O for light label, 13CD2O for heavy label) and 1.25ml of 0.6 
M cyanoborohydride in water (NaBH3CN for light label, or NaBD3CN for heavy label) mixed 
together fresh before labeling) were flushed through the C18 column, and the flow through 
was re-run through the column once more.  The columns were then washed with 2.5ml of water 
a total of 3 times. The dimethyl labeled peptides were eluted from the C18 column with 0.25ml 
of 20% acetonitrile followed immediately by 0.25ml 40% acetonitrile and finally 0.5ml 80% 
acetonitrile (in that order). The peptides solutions were speed vacuumed to almost dry in a 
vacuum concentrator and stored at -80qC.  
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Acetylated Peptide Enrichment  
The dimethyl labeled peptides for each pair of samples (one mutant/heavy and one 
WT/light) were mixed together and resuspended with 3.5ml of water, and the pH was adjusted 
by 1M tris-HCl pH 7.5.  Antibody-based acetyl peptide enrichment was performed based on 
the methods of [41]. Two mgs of anti-acetyl lysine antibody (cat # ICP0388) was used for 
acetyl-peptide enrichment of each pair of labeled samples. Solution content from the tubes of 
the antibody were moved to a 0.2μm spin filter unit and washed with 4ml of 50mM Tris-HCl 
pH 7.5 a total of 3 times. The dimethyl labeled peptide solution was then added onto the same 
filter unit and used to resuspend the antibody. The fully resuspended peptide-antibody solution 
was transferred to a 15ml tube and incubated at 4qC for 1 hour with rotation. After the 
incubation, the peptides-antibody solution was moved back to the 0.2μm spin filter unit and 
centrifuged to separate the antibody-bound peptides and any unbound peptides. The antibody-
bound peptides were washed with 4ml of 50mM Tris-HCl pH 7.5 a total of 3 times. The acetyl-
peptides were then eluted from the antibody with two separate 1.5ml 0.1% TFA elutions. The 
antibody was washed twice with 4ml of 50mM Tris-HCL pH 7.5 and a second acetyl-peptides 
enrichment was done with the peptide flow through from the first elution step. The acetyl-
peptides from the 2 steps of enrichment were combined together and desalted with a C18 
column (Waters). Final peptide amounts for each pair of KO(Heavy)/WT(Light) labeled 
peptides were quantified using the Pierce BCA Protein assay kit (Thermo Scientific). 
LC/MS-MS 
An Agilent 1260 quaternary HPLC was used to deliver a flow rate of ~600 nL min-1 
via a splitter. All columns were packed in house using a Next Advance pressure cell and the 
nanospray tips were fabricated using fused silica capillary that was pulled to a sharp tip using 
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a laser puller (Sutter P-2000). Twenty-five Pg of peptides was loaded onto 20cm capillary 
columns packed with 5μM Zorbax SB-C18 (Agilent), which was connected using a zero dead 
volume 1μm filter (Upchurch, M548) to a 5cm long strong cation exchange (SCX) column 
packed with 5μm PolySulfoethyl (PolyLC). The SCX column was then connected to a 20cm 
nano-spray tip packed with 2.5μM C18 material (Waters). The 3 sections were joined and 
mounted on a custom electrospray source for on-line nested peptide elution. A new set of 
columns was used for every sample. Peptides were eluted from the loading column onto the 
SCX column using a 0 to 80% acetonitrile gradient over 60 minutes. Peptides were then 
fractionated from the SCX column using a series of salt steps at the following concentrations: 
10, 30, 32.5, 35, 37.5, 40, 42.5, 45, 50, 55, 65, 75, 85, 90, 95, 100, 150, and 1000mM. For 
these analyses, buffers A (99.9% H2O, 0.1% formic acid), B (99.9% ACN, 0.1% formic acid), 
C (100mM ammonium acetate, 2% formic acid), and D (1M ammonium acetate, 2% formic 
acid) were utilized. For each salt step, a 150-minute gradient program comprised of a 0–5 
minute increase to the specified ammonium acetate concentration, a 5–10 minutes hold, 10–14 
minutes at 100% buffer A, 15–120 minutes 10–35% buffer B, 120–140 minutes 35–80% buffer 
B, 140–145 minutes 80% buffer B, and 145–150 minutes buffer A was employed. 
Eluted peptides were analyzed using a Thermo Scientific Q-Exactive Plus high-
resolution quadrupole Orbitrap mass spectrometer, which was directly coupled to the HPLC. 
Data dependent acquisition was obtained using Xcalibur 4.0 software in positive ion mode with 
a spray voltage of 2.00 kV and a capillary temperature of 275°C and an RF of 60. MS1 spectra 
were measured at a resolution of 70,000, an automatic gain control (AGC) of 3e6 with a 
maximum ion time of 100ms and a mass range of 400-2000 m/z. Up to 15 MS2 were triggered 
at a resolution of 17,500. An AGC of 1e5 with a maximum ion time of 50ms, an isolation 
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window of 1.5 m/z, and a normalized collision energy of 28 were utilized. Charge exclusion 
was set to unassigned, 1, 5–8, and >8. MS1 that triggered MS2 scans were dynamically 
excluded for 25s.  
Database Search and FDR Filtering  
The raw data were analyzed using MaxQuant version 1.6.3.3 [42]. Spectra were 
searched against the Arabidopsis thaliana Tair10 protein list which was complemented with 
reverse decoy sequences and common contaminants by the MaxQuant software. For group 
specific parameters the type was set to “Standard”, the multiplicity set to “2”, Max Labeled set 
to “3”, and for the light label we selected “DimethNter0” and “DimethLys0”.  Additionally, 
the heavy label was set to “DimethLys8” and “DimethNter8”. “Carbamidomethyl cysteine” 
was set as a fixed modification while “methionine oxidation” and “protein N-terminal 
acetylation” and “acetyl (K)” were set as variable modifications. Digestion parameters were 
set to “specific” and “Trypsin/P;LysC” max missed set to “5”. Up to two missed cleavages 
were allowed. A false discovery rate less than 0.01 and protein identification level was 
required. The “second peptide” option was used to identify co-fragmented peptides. The 
“match between runs” feature of MaxQuant was not utilized 
Statistical Analysis for acetylome data 
The ratio of the heavy label to the light label (H/L) from the MaxQuant output file titled 
“Acetyl (K)Sites” was used for all statistical analysis on the proteomics data. First, the ratios 
were multiplied by 100 to both transform the ratios to integer values for downstream analysis 
and increase the spread of the ratio distribution to improve differential protein abundance 
detection. Then, the null hypothesis that the ratio is equal to 1, i.e., the heavy and light labels 
are equal was tested (on the transformed data, this is equivalent to testing that the ratio is equal 
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to 100). To test this null hypothesis on the transformed ratios, 3 biological replicates were 
simulated from a Poisson distribution with mean 100 which represent control samples. 
PoissonSeq [43] was then used to compare the experimental transformed ratios to the simulated 
control ratios. Since the simulated control samples are random, differential abundance analysis 
was repeated on 100 different simulated control samples (i.e. 100 runs) to control for any 
random effects. Differentially abundant proteins were defined as proteins whose ratios had a 
q-value < 0.1 in at least one run or a p-value < 0.05 in at least 1/3 of the runs and ratio ≤ 0.8 or 
ratio ≥ 1.25 (i.e., fold change in label intensity of at least 1.25).  
Statistical Analysis of metabolomics data and GO ontology analysis   
Relative concentrations of the metabolites between the knockout lines and the wild-type was 
compared for statistical significance using student t-test. Significant differences in metabolites 
was visualized using a volcano plot of the log2 fold difference between the knockouts and wild-
type against the negative log10 of calculated respective p-values.  
For the list of proteins which had significantly different acetylation levels between the wild-
type and the srt1srt2 double knockout, a Gene Ontology (GO) analysis [17,18] was performed 
using PANTHER database [19,20]. GO terms for biological processes and molecular functions 
and Reactome pathways associated with the list of proteins were analyzed. A Fisher’s exact 
test for enrichment of GO terms was also performed and p-values were corrected for FDR. The 
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Figure 1: Characterization of SRT1 and SRT2 recombinant proteins. (A) Purified recombinant 
proteins resolved on SDS-PAGE gel. SRT2 protein indicated with white arrow and SRT1 
indicated with blue arrow. (B) Time-course enzymatic assay of SRT1 and SRT2 protein. 
Protein activity indicated by rise in the luminescence signal (RLU). (C) Size exclusion gel 
chromatography runs for SRT1 and SRT2. The purple downward arrows indicate elution 
volumes for molecular weight standards. (D) Nicotinamide inhibition assay of SRT1 and 




Figure 2: RT-PCR analysis of SRT1, SRT2 and UBQ mRNAs in RNA isolated from wild-type, 
srt1 and srt2 single mutants and srt1 srt2 double mutant 21-day old seedlings. Primers used 


















Figure 3: Phenotypic characterization of wild-type, srt1, srt2 and srt1srt2 Arabidopsis lines in 
various stages of growth. (A) 6 days old seedlings (B) 21 days old seedlings (C) 34 days old 










Figure 4: Functional classification of proteins that are differentially acetylated between wild-
type and srt1 srt2 double mutant lines of Arabidopsis (p-value < 0.05). GO Slim Molecular 
Function categories (A), GO Slim Biological Processes categories (B) were obtained from 
Gene Ontology Consortium. Reactome Pathways categories (C) were obtained from the 
Panther database. Red bars indicate proteins which had decreased abundance of acetylation in 
srt1srt2 and blue bars indicate proteins which had decreased abundance of acetylation in 






Figure 5: List of reactions/ pathways found to be differentially acetylated in wild-type vs 










Figure 6: A. Volcano plot representation of changes in the Arabidopsis metabolome induced 
by mutations in the srt1 and srt2 genes. Data points above the horizontal dotted line represent 
metabolites that show statistically significant changes in accumulation (p-value < 0.05) in 
either srt1 (black data points) and srt2 (red data points) single mutants and the srt1 srt2 double 
mutant (blue data points) as compared to wild-type seedlings. Error bars indicate standard error 
from biological replicate (n=3), with each replicate consisting of pooled tissue of 21-day old 
seedlings.  
B. Venn diagram set-representation of number of metabolites that are significantly different in 
the srt1, srt2 single mutants and in the srt1 srt2 double mutant seedlings. Inside the bracket 
and the table, the red color number indicates number of metabolites that reduced in abundance 








Figure 7: Quantitative changes in the metabolome of chemically defined analytes for polar 
metabolites.  Error bars indicate standard error from biological replicates (n = 3). The metabolites 
listed have significant changes in abundance (p-value < 0.05) in one or more of the mutants, srt1 










Figure 8: Quantitative changes in the metabolome of chemically defined analytes for non-polar 
metabolites.  Error bars indicate standard error from biological replicates (n = 3). The 
metabolites listed have significant changes in abundance (p-value < 0.05) in one or more of the 




Table 1: List of primers 
Sequence Description 
5’- ATTTTGCCGATTTCGGAAC -3’ Border primer (At T-DNA insertion) for DNA genotyping 
5’- GAGAACAGCACGAAACGAAAC -3’ Right primer for SRT1 DNA genotyping 
5’- GTTTCGCTTGACACATGTTCC -3’ Left primer for SRT1 DNA genotyping 
5’- TTCCACATTCTGTGCTAACCC -3’     Right primer for SRT2 DNA genotyping 
5’- CGCAGAGAGAGAACAAAATCG -3’ Left primer for SRT2 DNA genotyping 
5’- 
TCCAGGGCTCGGATCCATGTCTTTAGGT
TACGCAGAGAAATT -3’ Primers to clone SRT1 (at Bam HI site of 





TGGTTCT -3’ Primers to clone SRT2 (at Bam HI site of 
pet30f vector) 5’- 
GCTCGAATTCGGATCCGCTAGAGAGCT
GGGACACT -3’ 
5’- CGTGCAATGCCGAGTATGAC -3’ For RT-PCR confirmation of SRT1 
knockout plants 5’- GCCTTCGATTTTCGCTTCCC -3’ 
5’- GGATGGAGGAGGTTCACTGC -3’ For RT-PCR confirmation of SRT2 
knockout plants 5’- AGCGATCCCACGTCAAGAAC -3’ 
5’- AGACCATCACCCTTGAAGTGGA -3’ Ubiquitin primers for sirtuin knockout 
plants 5’- TAGAAACCACCACGAAGACGCA -3’ 
 
Supplemental Information 
The supplemental table 1 and 2 has been added as supplementary documents with this thesis to 
Proquest with the following names. 
Supplemental Table 1: Chapter4_SupplementalTable1_TotalMetabolomeAnalysis 
Supplemental Table 2: Chapter4_SupplementalTable2_TotalAcetylomeAnalysis 
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CHAPTER 5. GENERAL CONCLUSION 
Conclusions 
Acetyl-CoA Synthetase catalyzes the adenosine-triphosphate (ATP) dependent activation of 
acetate to acetyl-CoA. It is a member of the AMP-forming acyl-CoA synthetase family, which 
can utilize a broad range of other carboxylate substrates. Acetyl-CoA acts as the starter molecule 
for fatty acid biosynthesis and various polyketide biosynthesis pathway. Engineering ACS to 
utilize novel carboxylate substrates would lead to generation of alternative acyl-CoA substrates 
for fatty acid or polyketide biosynthesis would provide the means to build a technology 
platform to produce a diversity of chemical products with wide ranging applications [1]. The 
Arabidopsis ACS, that was the focus of this study only utilizes acetate efficiently as a substrate, 
and propionate to a much lesser extent. In Chapter 2, we extrapolated from experimentally 
determined 3-D structural data of two phylogenetically distantly related ACS enzymes, and 
modelled the potential carboxylate substrate binding pockets of two enzymes that also 
assemble thioester bonds but display different specificities toward the carboxylate substrate 
(acetate or isobutyrate). 
Rational mutagenesis experiments guided by this modeling were successful in initially 
introducing substrate promiscuity to the enzyme, and ultimately altering its substrate 
specificity. We have been particularly successful in shifting the substrate specificity of this 
eukaryotic ACS away from its native substrate (acetate), to be equally efficient in utilizing 
novel branched chain carboxylates that are not substrates of any of the guiding model enzymes. 
The variant enzymes that we have generated are distinct in that they are not promiscuous, but 
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they show shifted substrate specificities, being equally efficient with the new substrates, as the 
wild-type enzyme is with its native substrate.  
In a wide variety of organisms ACS activity is known to be regulated by reversible 
post-translational acetylation. In diverse phyla, the acetylation of ACS inactivates the enzyme 
[2–5]. In contrast, the acetylation of a long chain acyl CoA synthetase in the diatom 
Phaeodactylum tricornutum appears to lead to enzymatic activation [6].  In plant systems, such 
as Arabidopsis, the metabolic function of ACS is not completely clear.  Unlike other biological 
systems, ACS is not the physiological source of acetyl-CoA that is the precursor of de novo 
fatty acid biosynthesis in plastids [7]; this is in spite the fact that ACS is plastid localized [8]. 
In Chapter 3, we explored if the acetylation-based regulation of ACS affects activity of 
this enzyme in plant systems. We identified the acetylation site for the plant ACS as occurring 
at Lys622.  This identity is consistent with the position of this residue in a motif (A10) that is 
highly conserved among many ACS enzymes. The sequence homology-based identification of 
Lys622 as the site of acetylation of the plant enzyme was experimentally confirmed by a 
combination of site directed mutagenesis and mass-spectrometric analyses.  Moreover, it 
appears that in vitro the acetylation of the plant ACS is autocatalytic and does not require 
additional enzymatic components. Although the presence of this lysine is important in enzyme 
catalysis in the plant ACS, the acetylation of this residue does not significantly affect catalysis. 
Among the deacetylases involved in removal of the acetyl group during reversible 
acetylation, there are two sirtuin family proteins in Arabidopsis (Arabidopsis thaliana) SRT1 
and SRT2 [9–11]. Understanding the role of sirtuins in Arabidopsis would help identify the 
target proteins regulated through reversible acetylation. Specifically, in Chapter 4, we analyzed 
how change in the acetylation state of proteins led to metabolic shifts. This is crucial to 
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understanding the role, acetyl-CoA plays in plant regulatory processes. We found that both 
sirtuins, SRT1 and SRT2, were active proteins comparable in enzymatic activity and could be 
inhibited by nicotinamide. Hence, they are definitively sirtuin family deacetylase proteins. 
Untargeted metabolomic analysis revealed 67 chemically identifiable compounds to be 
significantly different in abundance in sirtuin knockout mutants compared to wild-type. Total 
acetylome analysis identified 211 different proteins to be significantly differentially acetylated 
in sirtuin double knockout compared to wild-type. Specifically, individual srt1 and srt2 
mutations affect distinct portions of the metabolome, however, the combination of the two 
mutations are not additive, but rather produces a different metabolome that appears to be more 
wild-type like.  Some of these metabolomic effects may indicate that SRT1 and SRT2 
potentially show genetic epistasis.  The acetylome of plants lacking the 2 sirtuin deacetylases 
indicate that SRT1 and SRT2 affects the acetylation of both histone and non-histone proteins.  
These non-histone acetylated proteins can be related to regulation of processes associated with 
a number of metabolic processes such as glucose metabolism, fatty acid metabolism, amino 
acid metabolism, and the TCA cycle. The parallel non-targeted metabolomic analyses of the 
sirtuin mutant plants reinforce these conclusions and identify key proteins whose acetylation 
status potentially effects specific metabolic processes in planta.  
Hence, this dissertation this is an exemplary study of a research path to generate novel 
enzymes. Moreover, the novel acyl-CoA synthetase enzymes that were generated herein can 
serve as genetically encoded catalytic elements for bioengineering multiple metabolic 
pathways and potentially producing useful novel chemicals [1]. This dissertation also 
establishes that, plant acetyl-CoA synthetase is different in terms of how it reacts to the post 
translational modification of reversible acetylation. This could potentially provide a key to the 
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question, as to why this plastid localized protein is evolutionarily conserved in plants, even 
though the major player responsible for generation of acetyl-CoA in plastids, is pyruvate 
dehydrogenase complex [7]. Lastly, this dissertation investigates the role of two sirtuin 
deacetylase proteins in Arabidopsis. The dataset presented herein thus expands the role of 
sirtuin deacetylases in affecting plant metabolic processes.  
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APPENDIX A. USING A STRATEGY THAT EXPANDS THE GENETIC CODE TO 
GENERATE IN VIVO ACETYLATED LYS-622 MODIFICATION OF THE 
ARABIDOPSIS ACETYL-COA SYNTHETASE 
Introduction 
The genetic code contains 61 codons that encode 20 canonical amino acids, and 3 stop 
codons. After translation, proteins are sometimes chemically modified at specific amino acid 
sites, and these post-translational modifications provide proteins with new functions and are 
often mechanisms for altering biological functions (i.e., regulation). A strategy for expanding 
the genetic code can be used to study such post-translational modification (PTM) of proteins 
[1]. In this strategy, an already modified amino acid is inserted into a protein sequence at a 
targeted position during the in vivo synthesis of that protein. A number of different non-
canonical amino acids have been incorporated using this strategy, including H1-acetyl-lysine 
[2]. The advantage offered by this strategy is the ability to generate homogeneous preparations 
of modified proteins, and thus is a powerful technique to study PTMs.  
The strategy uses an orthogonal pair of amino-acyl tRNA synthetase and its respective 
tRNA, and this pair are genetically programmed for expression in a host cell, typically 
Escherichia coli. This pair of amino-acyl tRNA synthase and tRNA recognize a specific non-
canonical amino acid, which is incorporated into a specific position of a protein during in vivo 
protein synthesis.  The position of incorporation is defined by positioning a stop codon at the 
designated position of the mRNA, which is recognized by the anticodon of the suppressor 
tRNA that carries the non-canonical amino acid [3]. This technique has been previously used 
for the site-specific incorporation of acetyl-lysine in different proteins from different 
organisms, and extensively reviewed [1]. 
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One drawback of this strategy is that the acetylated lysine containing protein that is 
generated, can be deacetylated in vivo or during extraction and purification by native 
deacetylases present in the host organism. Although this can be somewhat overcome by the 
addition of nicotinamide (or other deacetylase inhibitors), as the host cells are being propagated 
or in the extraction buffer to inhibit deacetylase activity during purification of the acetylated 
protein. Another approach is to use analogs of acetyl-lysine, which cannot be deacetylated; for 
example thio-acetyl-lysine [5] and trifluoro-acetyl-lysine [6]. 
In this study, the strategy for the in vivo incorporation of acetyl-lysine was used to study 
the post-translational modification of ε-amine lysine by acetylation of Arabidopsis acetyl-CoA 
synthetase (atACS).  Specifically, the non-canonical H1-acetyl-lysine was incorporated at 
position 622 (As identified in chapter 2 of this thesis) using this technique, and the acetylated 
protein (ACS-AcK) was expressed, purified and analyzed.  
Methods 
Wild-type atACS was expressed and purified as described in Chapter 1 of this thesis. 
For the purpose of incorporating acetyl-lysine into the atACS sequence, the atACS ORF was 
sub-cloned into the pCDF-1b vector with a C-terminal His6 tag. The codon encoding for 
lysine-622 was mutated to the “TAG” stop codon, using Quikchange Lightning Site 
mutagenesis kit (Agilent Technologies, Santa Clara, CA) as per manufacturer’s protocol. The 
mutagenized clone was sequence confirmed. The orthogonal tRNA containing pTech plasmid 
was obtained from Dr. Chenguang Fan (Department of Chemistry & Biochemistry, University 
of Arkansas) and co-transformed with the pCDF-1b construct into BL21(DE3) cells [7,8].  
The strain was grown overnight at 37 °C, with shaking at 250 rpm for aeration, in 5-
10 ml LB medium containing the antibiotics streptomycin (50 μg/ml) and chloramphenicol (50 
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μg/ml). The overnight culture was used to inoculate 0.25 L LB media containing the same 
antibiotics. These cultures were grown at 37 °C with shaking at 250 rpm, until an OD600 of 
~0.6. Expression was then induced by the addition of IPTG to a final concentration of 0.4 mM.  
The media was also supplemented with final concentrations of 20 mM nicotinamide and 2 
mM Nε-acetyl-lysine (Sigma-Aldrich Co., St. Louis, MO). The culture was then grown at 22°C 
with shaking at 250 rpm for 24-48 hours. 
Cells were harvested by centrifugation at 10,000g for 10 minutes, and resuspended in 
a buffer consisting of 20 mM HEPES-KOH, pH 7.5, 0.5 M NaCl, 20 mM nicotinamide, 5 mM 
imidazole, 0.1% (v/v) Triton X-100, 0.1 mg/ml phenyl methyl sulfonyl fluoride (PMSF), and 
10 μl/ml Protease Inhibitor Cocktail (Sigma-Aldrich Co., St. Louis, MO).  Cells were disrupted 
by sonication on ice, and all subsequent steps were conducted at 4°C.  The cell extract was 
centrifuged at 20,000xg for 30 minutes, and the supernatant was retained, filtered through a 
0.45 μm filter (Corning Inc., Corning, NY) and applied to a column containing 2ml PerfectPro 
Ni-NTA agarose (5 Prime, Inc., Gaithersburg, MD). The column was washed with increasing 
concentrations of imidazole, and the atACS protein was eluted with 0.2 M imidazole. All the 
wash buffers had 20 mM nicotinamide. Samples were immediately dialyzed into 10 mM 
HEPES-KOH, pH 7.5, 10 mM KCl, 2mM TCEP, 10% glycerol. 
Chromatography 
Size exclusion gel filtration chromatography was conducted with an AKTA FPLC 
system (GE Healthcare Life Sciences, Pittsburg, PA). A 100 µl aliquot of purified protein (4-
5 mg/ml) was injected into a prepacked Superdex 200 Increase 10/300 GL gel filtration 
column (GE Healthcare Life Sciences, Pittsburg, PA). The buffer used for FPLC was 10 mM 
HEPES-KOH, pH 7.5, 10 mM KCl, 2mM TCEP, 10% glycerol. The flow rate of 0.4 
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ml/minute was used and protein elution was monitored using an UV absorbance detector at 
280nm.  
Protein analysis 
Isolated protein preparations were evaluated by SDS PAGE and subjected to Western 
blot analysis, using an antibody (1:1000 diluted) that reacts with N-ε-acetyl-L-lysine (Cell 
Signaling Technology, #9441). The spectrophotometric assays to measure ACS activity was 
as described in Chapter 1 of this thesis. 
The acetylation status of ACS-Ack was also evaluated by mass spectrometric analysis 
of rLysC (Promega Corporation, Madison, WI) digested proteins using Q Exactive™ Hybrid 
Quadrupole-Orbitrap Mass Spectrometer (Thermo Fisher Scientific Inc., Waltham, MA), at 
the Iowa State University Protein Facility (http://www.protein.iastate.edu). The purified 
protein preparations of ACS-Ack and wild-type ACS were subjected to SDS-PAGE analysis. 
Following staining with Coomassie Brilliant Blue, the identified protein band was excised and 
digested using an Investigator™ ProGest (Genomic Solutions, Digilab Inc, Hopkinton, MA) 
in 0.5 mL buffer (50 mM Tris, pH 8) with LysC at a concentration of 2 µg/100 µg sample in 
the presence of 5 mM DTT and 15 mM iodoacetamide. The results were analyzed using 
SequestHT against the ACS protein sequence, with four possible missed cleavage sites. The 
possible modifications analyzed were acetylation of Lys, carbamidomethylation of Cys, 
deamidation of Asn and Gln and oxidation of Met residues. 
cobB- strain 
Bacterial cells such as E. coli express a native sirtuin deacetylases encoded by the cobB 
gene [9]. To eliminate the potential deacetylation by this endogenous sirtuin, cobB- mutant 
strain (JW1106) were obtained the E. coli Genetic Resources at Yale CGSC, The Coli Genetic 
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Stock Center. The JW1106 strain was co-transformed with pCDF-1b with atACS (with TAG 
stop codon at Lys622) plasmid and the pTECH plasmid. Because the resulting strain could not 
be successful lysogenized with Lambda DE3, the expression of ACS-AcK could not be 
conducted in this cobB- strain. 
Results and Discussion 
In order to incorporate acetyl-lysine (AcK) in to the atACS protein at position #622, a 
stop codon was introduced into the ORF sequence at this position.  Thus, in the absence of 
AcK incorporation, a truncated atACS protein would be expressed. However, when AcK is 
incorporated at position 622, the resultant ACS-AcK variant would also incorporate a C-
terminal His6-tag, which would ensure protein purification via affinity chromatography with a 
nickel-column.  
Based on this strategy, the purified protein recovered by Ni-column chromatography is 
assumed to be the ACS-AcK variant.  SDS PAGE analysis of the recovered preparations 
identified two proteins bands, close to the expected 72-kDa band of atACS (Figure A1. A). 
Size exclusion gel filtration chromatography of the protein preparation identified two UV-
absorbing peaks (A and B).  (Figure A1. B).  These peaks correspond to molecular weights of 
425 kDa and 105 kDa for Peak A and B respectively. The fractions under the two peaks were 
pooled, concentrated for further analysis by SDS-PAGE and western blot analyses, with anti-
acetyl-lysine antibody and anti-His-tag antibody. The SDS-PAGE analysis showed the 
molecular weight of the proteins in the two peaks to be very close to each other, approximately 
72kDa. Hence, based on this and the FPLC molecular weight analysis, protein in Peak A is in 
oligomeric state, whereas the protein in Peak B maybe either a monomer or dimer. 
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The ~72-kDa protein band in Peak B reacts with the anti His-tag antibody, whereas the 
protein band in Peak A does not react with this antibody.  Additionally, these two proteins 
preparations were subjected to chymotrypsin digestion and resulting peptides analyzed for 
similarity to atACS protein sequence by mass-spectrometry. The Peak B peptide sequences 
showed 55% coverage of the atACS sequence, whereas Peak A peptides showed only 4.5% 
coverage of the atACS sequence (Figure A2 & A3). Additionally, enzymatic assays of Peak A 
and B preparations indicate that Peak A does not support ACS activity, whereas Peak B does 
support the catalysis of acetyl-CoA synthesis.  Based on these results therefore, we conclude 
that Peak B is the ACS-AcK variant.   
The LysC digested peptide analysis established that ACS-Ack (Peak B) is acetylated at 
lysine 622. The sequence coverage for wild-type ACS protein is 40.5% (Figure A5. A) while 
for the ACS-Ack Peak B it is ~62% (Figure A5. B). Although the lysine-622 containing peptide 
could not be identified from the wild-type protein, it was successfully detected from the ACS-
Ack protein. The acetylated lysine-622 peptide sequence was identified as, 
TRSGKAcIMRRILRK based on the monoisotopic m/z value of 415.01038 Da (+0.76 
mmu/+1.84 ppm), with a charge of +4 and theoretical mass of the MH+ ion of 1657.01967 Da 
(Figure A6). In addition to the acetylated lysine-622 residue, an addition acetylated lysine 
residue was detected (Lys 201), but this was acetylated in both the wild-type ACS and the 
ACS-Ack variant.   
The specific activity of the recovered ACS-AcK is considerably less than the wild-type 
atACS enzyme.  This result indicates that acetylation of Lys-622 of atACS results in the 
inactivation of catalytic capability.  This conclusion is not consistent with the results reported 
in Chapter 2 of this thesis, which indicates that the auto-acetylated enzyme maintains catalytic 
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activity similar to that of the non-acetylated enzyme.  Reduction in enzymatic activity has been 
observed in other proteins expressed and characterized using the genetic code expansion 
strategy [1,8]. Also, there is one potential explanation for this inconsistency, and further 
enzymatic characterizations are needed to test this possibility.  Specifically, in the current 
experiment the non-canonical AcK residue was incorporated into a protein that carries a C-
terminal His-tag, whereas the control wild-type atACS carries an N-terminal His-tag. Hence, 
comparison with the appropriate wild-type atACS control with a C-terminal His-tag needs to 
be conducted to get a definitive conclusion on whether acetylation reduces catalytic activity.  
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Figure A1: Purification of atACS-AcK variant A. Coomassie stained SDS-PAGE of the 
purified protein preparations. Both atACS-AcK and the wild-type atACS were with the His-
tag which was fused to the C-terminus and N-terminus of these proteins, respectively.  B. FPLC 
size exclusion gel filtration chromatography of three preparations of atACS-Ack variants. 
Aliquots of each peak were analyzed by SDS-PAGE and stained with Coomassie Blue (shown 
under the profile).  The indicated fractions were pooled as Peak A (Fraction A7-A10) and Peak 











Figure A2: Mapping of detected peptides from Chymotrypsin digest of Peak A protein, to 









Figure A3: Mapping of detected peptides from Chymotrypsin digest of Peak B protein, to 






Figure A4: Characterization of purified atACS-AcK preparations. A. SDS-PAGE analysis of 
Peak A and Peak B, stained by Coomassie Brilliant Blue, or by western blot analysis using 
anti-acetyl-lysine antibody or anti-His-tag antibody. B. Acetate dependence of the ACS 




Figure A5: Coverage map of LysC digested wild-type ACS (A) and ACS-Ack Peak B (B) 
showing detected peptides and modifications on specific amino acid. The green shade shows 
sequences of detected peptides. The modifications are indicated as acetylation: A, 







Figure A6: LC-MS/MS spectra and MS2 fragmentation pattern (Inset) of the peptide 





Table A1: Michaelis-Menten kinetic parameters of atACS-AcK variant recovered in FPLC 
fractions encompassing Peak B compared to wild-type atACS, and the contaminating Peak A 
protein. 
 
 Wild-type ACS ACS Ack Peak B Peak A 
Km 0.18 ± 0.03 2.75 ± 1.46 NA 
kcat 15.05 ± 0.65 0.44 ± 0.12 NA 
Vmax 9.82 ± 0.43 0.29 ± 0.08 NA 
 
Table A2: Sequences of DNA primers used in this study.  
 
Primer Sequence (5’-3’) Experimental purpose 
ACSpCD1bF AGGAGATATACCATGATGGCATCGGAGGAGAATGATC To sub-clone atACS construct from pET24b into pCDF-1b 
vector ACSpCD1bR CAGCAGCCTAGGTTATCAGTGGTGGTGGTGGTGG 
K622TAGF TGCCAAAGACGAGAAGCGGATAGATAATGAGGAGA To mutate atACS Lys622 to the 
stop codon TAG K622TAGR TCTCCTCATTATCTATCCGCTTCTCGTCTTTGGCA 
ACS_F4 GTTTCGAACTCTGTTTGGGG For DNA sequencing of 
mutated atACS construct ACS_R5 ATCCGCGAGTGTGCTAGTATC 
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APPENDIX B. SUBCELLULAR LOCALIZATION OF THE SRT1 PROTEIN IN 
ARABIDOPSIS THALIANA 
Introduction 
The Arabidopsis genome contains two genes that encode for sirtuin deacetylase proteins, SRT1 
and SRT2 [1–3]. SRT2 has been shown to dual localized in the nucleus [3] and the 
mitochondria [1]. In contrast, SRT1 has been recently shown to be localized in the nucleus [4]. 
Transgenic expression of 35S::SRT1-GFP construct in 6 day old Arabidopsis roots or by 
infiltrating leaves of N. benthamiana, indicates that SRT1 is localized solely in the nucleus. 
We generated transgenic Arabidopsis plants carrying a 35S::SRT1-GFP to further analyze the 
sub-cellular localization of this protein.  
Method 
Construction of 35S::SRT1-GFP vector 
The plasmid vector, pEARLEYGATE 103 was used to make the GFP constructs. SRT1 
ORF sequence was amplified from SRT1-pET30f construct (described in Chapter 2 of this 
thesis). This SRT1 fragment (Table B1, Figure B1) was cloned into the XhoI site of the plasmid 
pEARLEYGATE 103 (Figure B2), using In-fusion cloning (Takara, Clontech, Mountain 
View, CA). The final vector construct was identified via a PCR assay (Figure B3) and 
subsequently confirmed by sequencing of the construct. A 35S::GFP plasmid, in the 
pEARLEYGATE 103 vector was obtained from Xinyu Fu (Nikolau-group). These vectors 
were transformed into Agrobacterium tumefaciens, strain C58C1, which were subsequently 
used to perform Agrobacterium mediated transformation of the Arabidopsis wild-type Col-0 
line [5].  Transgenic plants were identified based upon BAR-resistance and confirmed by PCR-
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based genotyping. The sequences of the PCR primers used in these confirmation experiments 
are identified in (Table B1).  
Co-localization control plants were generated by using vectors obtained from ABRC 
(https://abrc.osu.edu); these being the organelle markers CD3-975 (Tonoplast) and CD3-1007 
(Plasma membrane) (Table B2). These vectors were transformed into the either wild-type 
plants or plants already transformed with the 35S::SRT1-GFP vector. These transformed plants 
were then screened on MS-Agar medium with the appropriate resistances as mentioned in 
Table B2.  Seeds were collected from individual confirmed transgenic plants and propagated 
by single-seed descent and used for confocal microscopy. Confocal microscopy was performed 
using 15-20 days old seedling roots and leaves of T3 generation transgenic plants.  The 
confocal imaging was done using Leica SP5 X MP confocal/multiphoton microscope system 
at the ISU Roy J. Carver High Resolution Microscopy Facility 
(http://www.biotech.iastate.edu/biotechnology-service-facilities/hrmf/). The laser 
wavelengths [excitation (nm)/emission (nm)] were as following: 489/500 to 575 for GFP and 
587/600 to 650 for chlorophyll autofluorescence. 
Result and Conclusion 
The GFP localization from the 35S::SRT1-GFP construct is localized to both the nucleus 
(Figure B4. C-D) and the plasma membrane (Figure B4. E-F, Figure B5. A-C) of the leaf 
epidermal cells. However, the localization of GFP from the control 35S::GFP transgene also 
shows nuclear localization (Figure B4. A-B), which is consistent with prior reports that the 
non-targeted expression of the GFP protein from the 35S promoter localizes to both the cytosol 
and nucleus [6].  Hence additional experiments are needed to confirm that the SRT1-directed 
localization of GFP to the nucleus is because of the SRT1 sequence or is a result of the GFP 
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protein sequence.  However, our results indicate that the SRT1-directed localization of GFP is 
uniquely directed to the plasma membrane, which is distinct from the localization of the 
control, untargeted GFP construct (Figure B4. A-B). Therefore, from these results we can 
conclude that SRT1 might localize to the plasma membrane.  
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Figure B1: Agarose gel electrophoresis of the PCR products obtained from the amplification 
of the SRT1 ORF to be cloned into pEARLEYGATE103 plant transformation vector. Lane 1 
is molecular weight ladder. Lane 2, 3 and 4 are PCR products for SRT1 amplification.  
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Figure B2: Agarose gel electrophoresis of linearized pEARLEYGATE103 vector. Lane 1: 
molecular weight ladder. Lane 2 is pEARLEYGATE103 linearized with restriction enzyme 




Figure B3: 1% Agarose gel for In-fusion cloning products for construction of 35S::SRT1-GFP 
(pEARLEYGATE 103). First and last lane is molecular weight ladder. 2nd lane is negative 
control with no DNA. 3rd lane is empty pEARLEYGATE103. 4th lane is SRT1 positive control. 





Figure B4: Confocal microscopic examination of GFP localization in root and leaf tissues of 
Arabidopsis seedlings. A-B. Control transgenic roots showing GFP localizing from the 
35S::GFP constructs. C-D. GFP expression (green) in leaf epidermal cells from the 
35S::SRT1-GFP transgene; green GFP-fluorescence is detected in the nuclei of leaf 
epidermal cells and yellow fluorescence indicates overlay of GFP fluorescence with red auto-
fluorescence. E-F. 35S::SRT1-GFP transgenic plants showing localization of SRT1-GFP 
(Green) in the plasma membrane of leaf epidermal cells. Red region indicates auto-




Figure B5: Confocal microscopic examination of fluorescence co-localization in root and 
leaf tissues of Arabidopsis seedlings. A-C. GFP (green) fluorescence from 35S::SRT1-GFP 
transgenic plants showing localization in the plasma membrane of leaf epidermal cells. 
Red/Yellow region indicates auto-fluorescence. D-F. GFP (green) (E) and mCherry (red) (F) 
fluorescence in transgenic plants carrying both the 35S::SRT1-GFP and CD-1007 (the 
plasma membrane marker) transgenes.  Panel D is the overlay of the green and mCherry 









Table B1: DNA primer sequences used in this study 









pEG103R 5’-TGGGACAACTCCAGTGAAAAGT-3’ At GFP at protein C terminal region 
SRT1Fwd 5’-ACCCTGCGTGTTGCGAGTGTT-3’ Gene specific primer for SRT1 
 
Table B2: List of organelle markers and SRT1-GFP constructs used to study the sub-cellular 
localization of SRT1 
 
Name of construct Description Resistance 
CD3-975 Tonoplast-mCherry marker, 35S promoter Kanamycin 
CD3-1007 Plasma membrane-mCherry marker, 35S promoter Kanamycin 
35S::SRT1-GFP SRT1protein with GFP marker, 35S promoter Bar 
35S::GFP Only GFP marker Bar 
 
 
